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Rare-earth based Fullerides: Tuning the onset of valancy transitions 
Summary 
In this thesis, the recent advances in studies on rare-earth metal 
intercalated fullerene solids with emphasis on their structural, electronic, 
and magnetic properties. The investigations on the rare-earth based 
fullerides have been concentrated on their structural, electronic, and 
magnetic properties. 
Intercalation of Ceo with rare-earth metals results in interesting 
compounds not only for the appearance of superconductivity but also for the 
magnetic properties and mixed valence phenomena related to the localised 4f 
electrons. Of particular interest, I discuss the results obtained from various 
experiments on rare-earth based mixed valence fullerides, of which displays 
a remarkable sensitivity of rare-earth valency to external stimuli, such as 
temperature and pressure. Among the family of rare-earth fullerides, 
Sm2.75C60 was the first known molecular-based material to show valence 
fluctuation associated with the highly-correlated narrow-band behaviour of 
the 4f electrons in Sm ions. Improvement in the synthetic technique to 
produce single-phase rare-earth doped fullerides have opened the way to 
carry out detailed and systematic study of the structural properties of the 
RE2.75C60 (RE = Sm, Eu, and Yb) as a function of temperature and pressure, 
which were carried out using the synchrotron X-ray powder diffraction 
technique. The obtained results have lead us to f ind a rich variety of 
temperature- and pressure-driven abrupt or continuous valence transitions. 
In addition, we have observed that by taking precise control on the nature of 
dopants, the tuning of the onset temperature and pressure of this valence 
transition were possible. 
Direct measurements on the valence states of the rare-earth ions in the 
fulleride salts as a function of temperature were carried out using X-ray 
absorption spectroscopy using the alkaline-earth and rare-earth mixed 
compound, (Sm2/3Cai/3)2.75C6o. The obtained spectra have provided clear 
evidence to confirm the electronic nature of the low-temperature first-order 
valence transition. 
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The discovery of the fullerene family, the third allotropic form of pure 
carbon after graphite and diamond, has attracted a great interest for both its 
chemical and physical properties. Following the isolation and production of 
bulk crystalline samples of fullerenes, a set of hollow, closed-cage molecules 
consisting purely of carbon, research on the solid-state properties of 
fullerene-based materials proceeded at a remarkable pace. The structure and 
dynamical properties of pristine fullerene solids posed many challenging 
questions to modern day experimental and theoretical science. 
In September 1985, Kroto et al. [l] discovered the remarkably stable 
molecule formed by 60 carbon atoms, now known as Buckminsterfullerene, 
Ceo. These laboratory experiments were initially aimed to simulate the 
physicochemical conditions in a cool red giant star. A pulsed laser was 
focused onto the surface of graphite leading to the vapourisation of the carbon 
species into a high density helium flow. The resulting carbon clusters were 
freely expanded in a supersonic molecular beam, being ionised, and an 
exceptionally strong signal was detected by mass spectrometry for the C6o+ 
ion. From the spectra obtained and considering the remarkable stability of 
the produced clusters, Kroto and co-workers proposed that the molecule has a 
closed-cage structure consisting of 12 pentagons and 20 hexagons with the 
icosahedral symmetry of a soccer ball. This was confirmed five years later 
when macroscopic quantities of Ceo were first isolated. All fullerenes have an 
even number of carbon atoms arranged over the surface of a closed hollow 
cage consisting of 12 pentagons and n hexagons, where n, according to Euler's 
theorem for polyhedra, can be any number other than one (including zero). 
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The smallest possible fullerene is, therefore, C20 with 12 pentagonal faces 
and no hexagonal faces. However, theoretical work pointed out that carbon 
cage structures are more stable or energetically more-favoured when these 
pentagons are isolated, which is known as the "isolated pentagon" rule. 
Using this rule together with symmetry principles, a family of closed carbon 
cages with (20+2n) atoms, where n = 0, 2, 3, 4, and so on, is predicted to exist, 
where the smallest fullerene satisfying this rule is the Ceo molecule. Several 
members of the family that includes chiral and achiral molecules have been 
isolated, including C70, C76, C78, Cs2, C84,-.-> some in several isomeric forms. 
1.2 The molecular and solid state structures of C60 
The C60 molecule is the parent member of the fullerene family and 
consists of sixty symmetry-equivalent carbon atoms located at each vertex 
adopting the familiar shape of a truncated icosahedron (Fig. l . l ) . Each 
carbon atom is bonded to three of its neighbours in the sp2 o bonding 
configuration on a curved surface leading to the formation of a closed shell of 
32 faces, 12 of which are pentagonal and 20 hexagonal, while remaining p 
electrons of each carbon are delocalised in n-molecular orbitals which cover 
the outside (exo) and inside (endo) surface of the molecule. The Ceo has 
molecular point group symmetry, w35 (A) which is the highest symmetry of 
any known molecule [2]. There are two types of carbon-carbon ( O C ) bonds in 
C<&', two "single bonds" which are located along a pentagonal edge that fuse a 
hexagon to a pentagon (6^5) and the "double bond" is located between two 
hexagons. 
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Fig. 1.1. The Ceo molecule. 
The nuclear magnetic resonance (NMR) spectrum has indicated that 
these bonds have different bond lengths (r)'- 60 "single bonds" have bond 
o 
length of, i\ = 1.46 A, and 30 short "double bonds" with a bond length, n = 
1.40 A [3]. Pseudo-hexagonal faces are centres of three-fold rotational 
symmetry, pentagonal faces are centres of five-fold rotational symmetry, 
edges between two hexagons are centres of two-fold rotational symmetry, and 
the entire molecule is symmetric under inversion. Periodic translational 
symmetry is incompatible with five-fold rotational symmetry and the 
maximal subgroup consistent with crystalline symmetry ism3 . 
The simplest model developed for the electronic structure of the 
fullerene molecule is based on Hiickel theory. In this model, each carbon atom 
forms o bonds with its neighbours, leaving 30 filled /m-orbital to hold 60 
electrons, i.e. one n electron per carbon atom, near the Fermi surface [4]. 
Thus, the electronic properties of Ceo molecule are determined by the n 
orbitals. The figure below shows the /m-orbital levels for an isolated Ceo 
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Fig. 1.2. Schematic diagrams of the molecular orbital levels scheme for Ceo 
molecules and of the electronic density of states of the HOMO, LUMO and 
LUMO+1 derived bands for solid C60-
C60 has just enough electrons to fully fill the lowest energy level of the J 
= 5 state (five-fold ih level). This filled level forms the highest occupied 
molecular orbital (HOMO) for C6o, whereas the empty three-fold tiu level of 
the 7 = 5 state is the lowest unoccupied molecular orbital (LUMO). The 
HOMO and LUMO levels are separated by a gap (AE = 7i(HOMO) -
TiCLUMO) of-1.8 eV [5]. The ionisation potential for the C60 molecule is 7.6 
eV, whereas its electron affinity is 2.65 eV. The large ionisation potential 
prevents C60 from behaving as an electron donor. 
In the solid state, Ceo crystallises into a cubic structure via van der 
Waals interactions between neighbouring molecules. X-ray diffraction work 
[6, 7] revealed that at room temperature, the Ceo crystalline powder consisted 
of spherical molecules of diameter ~7.1 A, forming a random mixture of 
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hexagonal close-packed (hep) and face-centred cubic (fee) arrays. Elimination 
of solvent molecules trapped in interstitial cavities by sublimation leads only 
to a fee crystal structure in which each Ceo molecule is orientationally 
disordered [8]. This implies that when a static Ceo molecule is placed in a 
cubic crystalline lattice, the icosahedral symmetry is broken leading to 
increasing the number of inequivalent carbon atoms to three and the number 
of positional parameters required to describe the molecule to eight. In the 
simplest possible crystalline structure, all molecules in the lattice have the 
same "standard orientation" with respect to a cubic crystal lattice. For this 
case, the relative orientation of a truncated icosahedron placed at the origin 
of a cubic lattice is such that the [100] axes pass through three orthogonal 
two-fold molecular axes (6^6 edges), and the four [ i l l ] axes pass through 
hexagonal faces. There are two such standard orientations of the molecule, 
related by a 90° rotation about [100] axes. I n a fee lattice, four Ceo molecules 
are placed at the corners and at the midpoints of the faces of the cubic cell 
and if all of them have the same standard orientation, the crystal symmetry 
will be Fmls . If, on the other hand, the molecules are orientationally 
disordered, then the crystal symmetry is raised toFm3m. This was proven by 
powder neutron [9] and X-ray [7] diffraction measurements - at room 
temperature, the lattice constant is 14.17 A and the nearest-neighbour 
Ceo'Ceo distance is 10.02 A (Fig. 1.3). 
Synchrotron X-ray powder diffraction measurements of solid Ceo 
showed the appearance of new reflection peaks on cooling. This is consistent 
with the occurrence of a first-order transition from the fee phase to an 
orientationally ordered simple-cubic (sc) phase with an onset temperature at 
249 K [10]. 
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Fig. 1.3. Basal plane projection of the crystal structures of solid Ceo for 
orientationally disordered face-centred cubic (/c<?) structure (space group 
Fm3m) at room temperature. The C60 in dark colours are shown to have the 
same orientation for simplicity. In the right panel, the two standard 
orientations of the C6o, which are related by 90° rotation, and give rise to 
merohedral disorder in the solid are also shown. 
The reason for the orientational order has been discussed in terms of van der 
Waals bonding and electrostatic repulsion that results in the facing of the 
most electron-poor regions (the pentagonal faces) and the most electron-rich 
regions (the higher bond-order inter-pentagon bonds) of adjacent molecules 
[11]. The orientationally ordered sc structure has been discussed in detail by 
Sachidanandam and Harris [12], proposing the cubicPa3 space group. Here, 
starting from an ideal Fm3 space group with the molecules in their standard 
orientation, and then, inPa3 structure, the molecules at (000), {V2OV2), {V2V2O), 
and (OM-H) are rotated anticlockwise by an angle <p about the [ i l l ] , [ l 11], 
[11 1 ], and [ i l l ] axes, respectively [13]. The molecular rotation angle was 
found to be (p ~ 98° [11, 12, 14] (Fig. 1.4). 
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Fig. 1.4. Basal plane projection of the crystal structure of solid Ceo for the 
orientationally ordered primitive-cubic structure (space group Pa3) below 
249 K. 
1.3 IntercalatedFullerid.es 
The doped derivatives of fullerene solids, known as fullerides, can be 
prepared by several different ways and exhibit interesting properties 
depending on the doping level and the nature of the dopant ions. The most 
widely used method for fulleride preparation is by intercalation of the 
fullerite solid. Intercalation of fullerite is successful because of two specific 
properties of C6o: a) the six low-lying empty orbitals and the high 
electronegativity of Ceo allow Ceo to accept electrons readily and b) the weak 
intermolecular van der Waals forces between the Ceo molecules in the crystal. 
The structure of pristine fee Cso is characterised by the presence of two 
types of unoccupied interstitial holes with high symmetry, the smaller 
tetrahedral, Td site (two per Ceo unit with a radius of 1.12 A) and the larger 
octahedral, Oh site (one per Ceo unit with a radius of 2.06 A). The crystalline 
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structures of intercalated fullerides can be classified into four types 
depending on the relative occupancy of the Ta and Oh sites : (i) a rock-salt type, 
in which one metal ion is accommodated in every Oh site, (ii) an antifluorite 
type, in which both Ta sites are occupied, (hi) a cryolite type, in which all Ta 
and Oh sites are fully occupied, and (iv) a zinc-blende type, in which the metal 
ions occupy half of the available Ta sites. The properties of the resulting 
fulleride salts are determined and can be modified by the number and nature 
of the intercalants. 
When an ion occupies the tetrahedral site, it is important to consider its 
size as this influences sensitively the structural properties. This is because 
the size of the Ta site is larger than Na + , but smaller than K + , while the size of 
the Oh site is large enough to accommodate all alkali metal ions. This implies 
that when the Ta sites are occupied by the smaller ions, such as N a + or L i + , 
there is enough space for the Ceo molecules to rotate and adopt an 
orientationally ordered primitive cubic structure just below room 
temperature. However, different structural behaviour is observed when the 
Ta sites are occupied by the larger metals, as these cannot be accommodated 
without substantial expansion of the lattice. I n this case, the Ceo molecules 
are no longer free to rotate, and adopt a merohedrally disordered structure. 
Upon doping, charge transfer between the guest donor atoms and the 
host Ceo acceptor molecules takes place, where the transferred electrons are 
delocalised over the molecular cage. Intercalation of solid Ceo with electron 
donors, such as the alkali-metals, results in a wealth of intercalated fulleride 
salts with stoichiometries AxC6o, where A represents an alkali-metal and x 
can be as low as 1 (CsiCeo) or as high as 12 (Lii2C6o)- This reflects the ease of 
reduction of Ceo, especially to oxidation states ranging from -1 to -6. 
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In 1991, it was discovered that the alkali-metal fullerides, A xC6o, are 
conducting [15]. Soon afterwards, it was also observed that among these 
fullerides, potassium-doped Ceo becomes superconducting with an onset 
temperature of 18 K [16]. The discovery of superconductivity with relatively 
high transition temperature in alkali-metal fullerides initiated intensive 
scientific research in the intercalated fullerene solids area. 
1.3.1 Alkali-metal doped Fullerides 
Prominent among the alkali-metal fulleride salts are those with 
composition A3C60, as it is the only composition that exhibits 
superconductivity. The first evidence for superconductivity in alkali-metal 
doped C60 was observed in K3C60 (Tc ~ 18 K ) . Within a short period of time, 
superconductivity in other alkali-metal fullerides at even higher 
temperatures was observed (Tc ~ 28 K for RbaCeo) [17]. 
The structure of A3C60 fullerides is fee and is based on the cryolite 
structure type. However, different structural behaviour is observed between 
alkali fullerides containing larger alkali ions (Cs, Rb, K) and those containing 
smaller alkali ions (Na, L i ) . In the first case, the structure is best described 
in the space groupf>w3w with an expanded unit cell size caused by the 
addition of alkali ions (Fig. 1.5). The fulleride ions are no longer free to rotate 
due to steric effects associated with the dopants in the Ta sites. Instead, they 
are characterised by merohedral disorder and occur in two equally populated 
orientations which are the two standard orientations already described for 
Ceo- No phase transitions driven by changes in the reorientational behaviour 
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occur at low temperatures, while ions perform small-amplitude 
librational motion whose amplitude increases and energy decreases with 
increasing temperature. 
Fig. 1.5. The cryolite structural type adopted by A3C60 (A = K, Rb) fullerides. 
The grey spheres represent the ions, while red and blue spheres 
represent alkali-metal ions residing in the Oh and Td sites, respectively. The 
structure is fee (space group Fm2>m) with the ions adopting two different 
molecular orientations related by a 90° rotation about the [001] or 
equivalently by 44°23' about the [ i l l ] crystal axis. 
Different behaviour is observed when the Td sites are occupied by 
smaller alkali-metals, Na + or L i + in systems like NaxC60 and Li xC6o- Unlike 
the case of K + and Rb + , Na + and L i + ions are too small to stabilise the A3C60 
/restructure [18, 19]. While many attempted to prepare NaaCeo, it has been 
reported that NaaCeo shows phase separation on cooling into Na2C60, where 
the dopants fill the Td sites, leaving the Oh sites unoccupied and NaeCeo, 
where two Na + ions occupy Td sites and four Na + ions occupy Oh sites 
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preserving the fee structure [20-22]. No superconductivity is observed in this 
system. Superconducting compounds containing smaller alkali metals can be 
found in A2A'C6o, where A = Na or L i and A' = Rb or Cs [23, 24]. In these cases, 
the smaller Na + or L i + ions are placed in Ta sites and the larger Rb + or Cs+ 
ions are placed in Oh sites. As orientational ordering is sensitive to the 
dopant occupying the Ta sites, the fulleride ions are no longer confined to the 
two standard orientations described earlier; instead, there is enough space 
for them to rotate in such a way as to optimise both the attractive A + - and 
the C63~ - C630~ interactions. As a consequence, the Na2A'C6o systems adopt an 
orientationally ordered primitive cubic (space group Pa3) structure, i n which 
the majority of fulleride ions are rotated counter-clockwise by -98° about 
[ i l l ] cube diagonal, with remaining ions adopting minor orientations (Fig. 
1.6a). 
When L i + ions are introduced as dopants to afford fullerides such as 
Li2CsC60, structural studies reveal that the systems adopt fee structures 
(space groupFm3m) but they contain quasi-spherical C630~ ions [25]. Detailed 
analysis has shown that there is a substantial excess of carbon atom density 
in the ( i l l ) directions, indicating strong bonding Li + -C interactions. This is 
consistent with Raman spectroscopic measurements, which show that the 
number of electrons transferred from each L i atom to Ceo is zr~0.75 [26]. This 
implies a t i u band f i l l ing level of less than three (-2.5), consistent with the 
absence of superconductivity. 
I t should be noted that i t has been very difficult to isolate by standard 
solid state preparative routes a stable fulleride phase wi th stoichiometry 
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CS3C60 i n the fee structure, as this readily disproportionates into CS4C60 and 
CsiC6o. However, solution-based synthetic protocols have recently led to the 
isolation of CS3C60 w i t h a body-centred-cubic-derived {bee) structure. CS3C60 
adopts the so-called A15"type structure, which has primitive cubic symmetry 
as the fulleride anions at the body centre are rotated by 90° about the [100] 
direction relative to the anion at the origin. A15-structured CS3C60 is an 
insulator at ambient pressure but becomes a bulk superconductor w i th TC{P) 
passing through a maximum at 38 K [27] (Fig. 1.6b). 
(b) (a! 
Fig. 1.6. Crystal structures of alkali fulleride phases, A2AC60 and Cs3C6o- (a) 
orientationally ordered primitive cubic (space group Pa3) for A = Na and A' = 
Rb, Cs, and (b) A15-type (space group Pm3n) for CS3C60. 
I n al l superconducting compounds adopting the fee structure, TC 
increases w i t h increasing lattice constant (Fig. 1.7) reaching the highest 
value of TC = 33 K for RbCs2C6o [28]. The relationship between lattice 
dimensions and superconducting transition temperatures in A3C60 both at 
ambient and high pressures is consistent wi th TC being modulated by the 
density-of-states at the Fermi level, N(EF) [17]. As the interfullerene 
separation increases, the overlap between the molecules decreases! this leads 
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to a reduced bandwidth and, for a fixed band fi l l ing, to an increased N C £ f ) . 
From a BCS type relationship: 
Te cc {ha*ph)exv[-\IN{EF)V} = (haph)exp(-l/X) (Eqn. 1.3) 
where V is the electron-phonon coupling strength and cop/, is the average 
intramolecular phonon energy. This implies that the observed Tc may be 
understood in terms of- (i) a high average phonon frequency resulting from 
the light carbon mass and the large force constants associated with the 
intramolecular modes, (ii) a moderately large Kwi th contribution from both 
radial and tangential C60 vibrational modes and (hi) a high DOS at BF, 
resulting from the weak inter molecular interactions. 
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Fig. 1.7. Dependence of Tc on the cubic lattice constant, ao, for various A3C1 60-
In alkali-metal doping, charge transfer of one electron per dopant atom 
to the Ceo molecule occurs, leading to C6"0~ molecular anions and gradual 
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f i l l ing of the (LUMO) of t i u orbital. A metallic state is achieved when this 
level is half filled, corresponding to the stoichiometry A3C6O (or AxAVxC6o for a 
binary alloy) and an insulating state is achieved when i t is ful ly occupied, 
corresponding to AeCeo fullerides. This assumption depends on the electronic 
kinetic energy, defined by the t i u bandwidth W, being the dominant energy 
scale. However, the validity of this assumption is tested when the 
magnitudes of the on-site Coulomb repulsion, U, and Wot these materials are 
compared [29]. The Hubbard U, which is defined as the difference between 
the ionisation energy and the electron affinity, acts to oppose the tendency of 
the electrons to delocalise and reduce their kinetic energy. This competes 
with the energy gained by delocalising the outer electrons in the solid, given 
by W, and i f the repulsion energy is larger than that gained on delocalisation, 
then the electrons become localised and a metal-insulator transition takes 
place [30]. 
The estimate of Z7for the free C60 molecule is on the order of 3 eV, while 
in the solid, £/is reduced due to the polarisation of surrounding molecules to 
give ~1 eV. The typical values of Wior A3C60 is ~0.5 eV. The single-band 
Hubbard model gives the critical (U/W) ratio to produce insulating behaviour 
as between 1 and 1.5 [31], and thus the A3C60 systems are expected to be in 
the Mott-Hubbard insulating state. However, metallic behaviour survives 
with the triple orbital degeneracy of the t i u LUMO state being the key 
difference between the actual electronic structure of the fullerides and 
theoretical models. Theoretical work indicates that the critical U/W ratio for 
electron localisation is influenced by the orbital degeneracy A7" at each site, 
which reduces the gap from U- Wto U - -J~NW , and shifts the boundary of the 
metal-insulator transition to a critical value of (U/W)c ~ 2.5 [32]. As a result, 
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the metallic fulleride phases can be considered as archetypal 
highly-correlated molecular systems with electron correlations playing a 
crucial role in determining the normal and superconducting state properties 
of stoichiometric A3C6O. 
1.3.2 Alkaline-earth-metal doped Fullerides 
The solid-state chemistry of alkaline-earth-metal intercalated fullerides 
is not as widely established as that of the alkali-metals. Sti l l a broad range of 
compositions has gradually become available, exhibiting interesting 
structural and electronic properties. Highly doped states of C6"0" (n > 6) can 
be achieved when alkaline-earth-metals are used as intercalants, in which 
the conduction band is derived from the next unoccupied triply degenerate t i g , 
(LUMO+l), state of Ceo- For instance, mixed alkali and alkaline-earth 
fullerides have been synthesised for higher doping concentrations, resulting 
in doping levels as high as n = 9 which correspond to half-fil l ing of the t i g 
state. Among these, stable superconducting phases were observed in the 
AsBaaCeo (A = K, Rb) family, which can be thought as the direct analogue of 
the t iu superconductors. 
Among the alkaline-earth salts, the AsBaaCeo (A= K, Rb, Cs) family is of 
particular interest. Bulk superconductivity is observed for KaBaaCeo (Tc = 5.4 
K) and RbsBasCeo (Tc = 2.0 K), while CsaBasCeo is not a superconductor down 
to 0.5 K [33, 34]. KsBaaCeo adopts a £ccst ructure [17], isostructural with the 
non-superconducting AeCeo fullerides. Due to the similar ionic radii of the 
two cations, the occupation of the interstitial sites by K + or Ba 2 + is random 
and the structure can be regarded as a 1 ;1 solid solution of the isostructural 
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fullerides, KeCeo and BaeCeo. A notable feature here is that susceptibility 
measurements showed that N(E?) decreases with increasing cell size in sharp 
contrast with the A3C60 superconductors [18]. A combined high-resolution 
synchrotron X-ray and neutron diffraction study revealed the existence of 
short Ba-C and K - C contacts, implying hybridisation between the K, Ba, and 
C60 states [35]. The orbital mixing strongly modifies the shape of the 
conduction band, leading to a larger bandwidth and a smaller N(Ev) value 
than those in t i u superconductors, despite the similar band filling. 
Superconductivity was also encountered for binary alkaline-earth 
fullerides with different compositions, namely, CasCeo, Sr4C60, and Ba4C6o. In 
the case of barium and strontium metals, it was reported that they form 
stable compositions AE X C60 for x = 3, 4, and 6 (Fig. 1.8). AE3C60 (AE = Ba , Sr) 
are insulating and adopt the A15 structure type (space group Pmln) with 
lattice constants of 11.34 and 11.14 A, respectively [36, 37]. Early works 
suggested that a superconducting phase was observed for AEeCeo (AE = Ba, 
Sr) (Im 3 bcc) with transition temperatures of 6.5 K for BaeCeo and 4 K for 
SreCeo [37, 38]. Subsequently, it was unambiguously established that both 
BaeCeo and SreCeo are metallic despite the formally full tig-derived band, but 
not superconducting [39]. Their density-of-states at the Fermi level is found 
to increase with decreasing interfullerene separation, which was rationalised 
both theoretically and experimentally in terms of strong hybridisation 
between the alkaline-earth d and s orbitals and Ceo /m-orbital which leads to 
a modified and much broader conduction band [40, 4 l ] . 
Bulk superconducting phases in the Ba-Ceo and Sr-Ceo systems have 
been established to have stoichiometries Ba4Ceo and Sr4C6o with Tc of 6.7 and 
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Fig. 1.8. Crystal structures of AExC6o (AE = Ba, Sr), (a) x- 3, A15"type structure (space groupPm3n), (b) 4, orthorhombic 
structure (space group Immm)', the two sets of crystallographically distinct barium ions, Ba(l) (m2m site) and Ba(2) (2mm site) 
are shown by yellow and purple spheres, and (c) x- 6, Restructure (space group Im3). 
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(space group Immm). These systems are the first examples reported so far of 
non-cubic superconductors. High resolution X-ray diffraction has revealed 
the existence of very short Ba-C contacts which imply strong hybridisation 
between the bd orbitals of Ba and the 2p orbitals of carbon [42]. Such a 
strong orbital mixing was confirmed by local-density approximation (LDA) 
calculations [43]. I n sharp contrast to superconducting Ba4C6o and Sr4C6o, 
the alkali fullerides, A4C60 are non-metallic despite the similar (A = K, Rb) or 
identical (A = Cs) structures. This is due to the narrow band nature of the 
tiu-originated conduction band wi th the metallic state being easily destroyed 
by various instabilities. 
1.3.3 Rare-earth-metal doped Fullerides 
Recent progress in rare-earth intercalated fullerides has resulted in 
preparation of some interesting compounds, although in this area much less 
is sti l l known when compared to the chemistry of alkali and alkaline-earth 
fullerides. This has been mainly due to the difficulties in devising reliable 
protocols for preparation of single-phase RExC6o materials. Reaction of 
rare-earth- metals with fullerenes requires high temperature annealing; 
however, this competes wi th the formation of rare-earth carbide phases [44]. 
The first successful intercalation of C60 with a rare-earth-metal has been 
reported for ytterbium, leading to the Yb2.75C6o composition [45]. Following 
this result, various research groups reported that single-phase materials can 
be obtained for compositions, RExC6o (RE = Sm, Eu, and Yb) with x= 2.75 and 
6 [46-49]. Some of these compounds were reported to be superconducting, 
while others to exhibit interesting magnetic properties related to the 
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introduction of electronically active cations i n the void spaces of the Ceo 
lattice, which may result in coupling of the two electronically active 
sublattices. For instance, given that the rare-earth dopants may carry a 
magnetic moment, rare-earth fullerides can be good candidates for the 
synthesis of molecular magnetic materials. Such examples have been 
recently provided by work on the Eu-C6o phase diagram, leading to the 
isolation of highly-doped EueCeo and EU9C70 phases which display transitions 
to ferromagnetic states wi th Curie temperatures of 14 and 40 K, respectively 
[50, 51]. The ferromagnetic interaction in these systems develops either 
through direct exchange interactions between the Eu 2 + (4/ 7 ) ions or through 
prd, f interactions mediated by the fulleride units. 
i) Possible superconductivity in RE2.75C60 (RE = Yb, Sm) 
Early work has claimed that Yb2.7sC60 was superconducting below 6 K 
with a shielding fraction of ~8% [45]. Powder X-ray diffraction was used for a 
quantitative structural determination of Yb2.7sC6o, which showed that Yb 
cations are located i n both Td and Oh interstitial sites and X-ray absorption 
near-edge structure (XANES) measurements showed that they are divalent 
Y b 2 + ions. The crystal structure of Yb2.7sC6o was found to be orthorhombic 
with a space group Pcab (b> a> c, no. 61, option 2), a direct subgroup ofPa3 . 
The Y b 2 + cations occupy all Oh sites but leave one out of every eight 
tetrahedral sites unoccupied. In addition, this structural model is 
characterised by large displacements of the cations from the centres of the Oh 
sites (= 2.3 A) and smaller displacements from the centres of the T<j sites (~ 
0.4 A) where these displacements are directed towards the nearest Td defects 
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and the mid-pont of two neighbouring Ceo molecules, respectively. These Td 
vacancies and associated off-centre displacements of the Oh cations, due to a 
strong, short-range interaction between Ceo and the divalent Yb cations, are 
thought to be responsible for the long-range ordering of the Ta defects, which 
results i n a unit cell w i th dimensions twice as large as those of the commonly 
encountered fee structure of the alkali fullerides (unit cell volume: ^ r t h 0 ~ 
8 Vfc^ [52], known as the cation-vacancy ordered superstructure (Fig. 1.9). 
Similar measurements have been carried out for Sm2.7sC6o and EU2.75C6O, 
where X-ray diffraction profiles obtained were almost identical to each other, 
indicating that al l RE2.75C60 (RE = Sm, Eu, Yb) have the same crystal 
structure. Magnetic measurements showed that superconductivity was also 
observed for Sm2.75C6o w i t h a transition temperature of 8 K and a shielding 
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Fig. 1.9. Building block of the orthorhombic superstructure of RE2.75C60 that 
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Fig. 1.9. (continued) can be obtained by doubling the sub-cell along all three 
lattice directions. Distorted octahedral and tetrahedral rare-earth cations 
are represented by green and blue spheres, respectively. The tetrahedral 
defect is shown as red sphere. 
On the other hand, the highly-doped rare-earth fullerides, REeCeo, are 
isostructural with the AeCeo alkali fullerides adopting the bcc structure and 
no superconducting phase was observed [47, 50]. This is suggesting that 
cation-vacancy ordering and the cation displacements disappear wi th further 
addition of RE dopants into the C60 solid. The preparation of RExC6o samples 
of nominal concentration x ^ 2.75 and 6 have been tried by several groups. I t 
has been reported that when the concentration of RE is less than 2.75, no 
stable crystal phases were detected, and phase separation into pristine Ceo 
and RE2.75C60 was observed [51, 53, 54]. On the other hand, for intermediate 
phases between RE2.75C60 and REeCeo, only the appearance of Bragg 
reflections from REeCeo [53-56] was found, and thus i t was concluded that the 
mixture is under non-equilibrium conditions and that RE-3C60 is in a 
metastable state which could represent a transition state towards REeCeo. 
ii) Magnetic properties of EueCeo 
As previously mentioned, superconductivity was not observed in 
EU2.75C60; instead, the magnetic properties of EU-3C60 and EueCeo 
investigated by Ksari-Habiles et al. showed some magnetic anomalies [48]. 
In this report, i t was claimed that a mixed valence state of Eu exists for 
EuxC6o, where Eu 2 + /Eu 3 + = 2 for x ~ 3 and a transition to a ferromagnetic 
state near 7c = 16 K, while Eu 2 + /Eu 3 + ~ 1 - 4 depending on sample for x = 6 
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and three successive magnetic anomalies at 65, 12 and 8 K. The results 
obtained from recent work on Eu-C6o systems are different from what was 
claimed in this early report. For EU-3C6O compounds, detailed studies have 
been carried out in the current project and wi l l be discussed in a later 
Chapter. In the case of EueCeo, the ferromagnetic transition occurs near 14 K, 
and unlike the early report no evidence for three anomalies was found [57]. 
Rietveld refinement of neutron diffraction data at 1.7 K resulted in a 
magnetic moment of 7.1(3) ps per Eu atom, which is in agreement wi th 
field-dependent magnetisation measurements at 2 K [50]. This result is also 
consistent with the magnetic moment of Eu 2 + , where the Eu atom has a 
magnetic moment of 7 ps(S= 7/2, L = 0, and J = 7/2) in the divalent state, 
while i t is non-magnetic (S= 3, L - 3, and J - 0) i n the trivalent state. This 
indicates that the Eu sites in EueCeo are in the divalent state, not a mixed 
valence state claimed before. The origin of the ferromagnetic exchange 
interactions between E u 2 + can be interpreted in the same manner as in the 
case for AEeCeo (AE = Sr, Ba). Here, due to the short lattice constant for 
EueCeo, the Eu-C contacts are also short implying the existence of 
hybridisation between 5d and 6sorbitals of Eu and the t i g orbital of Ceo- This 
strong interaction affects the magnetic interaction of 4 / electrons, thus 
leading the observed magnetic and conducting properties of the material. 
iii) Recent advances in Rare-earth based fullerides 
Following the report on the appearance of superconductivity in 
RE2.75C60 (RE = Yb, Sm), intensive research on these compounds was 
initiated. However, recent magnetisation studies on numerous samples [53, 
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58] showed that the reports of bulk superconductivity have been erroneous. 
Only a trace superconducting fraction (less than 0.8%) was ever observed on 
Yb2.75C60 and it was found to increase as the nominal Yb concentration was 
increased. The maximum superconducting diamagnetic susceptibility was 
reached for the nominal Yb-jCeo phase and starts to decrease as Yb is added 
further towards YbeCeo, while the Tc did not vary with the nominal Yb 
concentrations [53]. This implies, in analogy with the chemistry of 
alkaline-earth fullerides where the superconducting phase was found to be 
AE4C60 (AE = Ba, Sr), that Yb4C6o phase might be the true bulk 
superconducting phase. 
In the case of Sm2.75C60, the results of low-field magnetisation 
measurements showed no evidence for a transition to an (even trace) 
superconducting state down to 2 K in contrast to ref. 46. However, very 
interestingly, the temperature evolution of the structural properties of the 
same compound obtained by high resolution synchrotron X-ray diffraction at 
various temperatures between 4 and 295 K revealed that Sm2.7sC60 exhibits 
isotropic negative thermal expansion (NTE) in the temperature range 4 to 32 
K [59] (Fig.1.10a). The origin of this feature in this temperature region was 
interpreted by implicating a temperature-induced valence transition of Sm 
from +2 to an intermediate valence of +(2+e) state. Soon afterwards, the 
compression behaviour of Sm2.7sC60 was also studied at elevated pressures 
ranging from 0 to 6 GPa at room temperature using the powder synchrotron 
X-ray diffraction technique [60]. Here, an abrupt hysteretic phase transition 
was also observed at ~4 GPa; the transition was accompanied by a large 
lattice collapse induced by a Sm valence transition from +(2+e) state towards 
+3 (Fig. 1.10b). The pressure-induced phase transition is also accompanied 
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Fig. 1.10. (a) Temperature and (b) pressure evolution of the unit cell volume in Sni2.75C6o-
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by a reversible colour change of the material from black to golden, implying 
the occurrence of an insulator- to-metal transition upon pressurisation. 
The properties of this mixed valence rare-earth fulleride, which 
undergoes an electronically-driven valence transition from one electronic 
state to another caused by changing some external stimulus, are determined 
by the coupling of the strongly correlated rare-earth 4 / and 5rfbands with the 
narrow Ceo t i u band. The tendency of Sm to exhibit mixed valence states and 
valence transitions with changes in external parameters is due to the small 
energy difference between the divalent and trivalent states as shown in the 
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Fig. 1.11. The energy difference between divalent and trivalent states of 
rare-earth-metals. Open circles and crosses show the calculated values for 
rare-earth metals and that for rare-earth sulfides, respectively. The blue 
circles indicate the metals we attempted to intercalate the Ceo solid in the 
present work. 
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We note here that this leads to the prediction of encountering analogous 
electronic and structural instabilities in other isostructural rare-earth 
fullerides such as Yb2.75C60, EU2.75C60 and Tm2.75C6o. At the same, the possible 
synthesis of mixed compositions, (Smi-xEux)2.75C60 and (Smi-xCax)2.75C6o (0 < x 
< l ) , could allow to follow the effect on the anomalous lattice responses by 
diluting the rare-earth cation sublattice. The properties of such fulleride 
phases wi l l be discussed in later Chapters of this thesis. 
1.4 Outline of the Thesis 
The aim of the present thesis is to carry out systematic investigations 
on the structural and electronic properties of selected rare-earth-metal based 
fullerides using synchrotron X-ray diffraction, X-ray absorption spectroscopy, 
Rutherford Backscattering spectroscopy, and SQUID magnetisation. The 
investigation was initiated following the exciting results obtained on 
Srri2.75C6o- A variety of temperature- and pressure-driven abrupt or 
continuous valence transitions were expected by substituting Sm by other 
rare-earth and alkaline-earth metals. Difficulties in the preparation of 
single-phase rare-earth based fullerides had prevented before such 
investigations. Thus, establishing reliable and reproducible synthetic 
protocols for intercalation of both rare-earth and alkaline-earth metals was 
required. The details for the synthetic techniques that have been employed 
during this project are presented in Chapter 2. This chapter also includes the 
description of the experimental instrumentation and the background to the 
techniques employed together with theoretical and practical aspects related 
to data analysis. 
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Chapter 3 deals wi th the structural properties of the YD2.75C60 fulleride, 
where the evolution of the unit cell dimensions were followed by using the 
synchrotron X-ray powder diffraction method. The diffraction profiles were 
collected both as a function of temperature and pressure in order to f ind out 
what is happening in this compound at the microscopic level. Extraction of 
the unit cell volumes was performed using both Rietveld and LeBail 
refinement methods. The temperature-dependent measurements revealed 
the occurrence of NTE at low temperatures on heating but with somewhat 
higher onset temperatures compared to those in Sm2.75C6o- Results obtained 
on application of pressure are discussed towards the end of chapter. 
Chapter 4 presents an investigation of the effect of Eu substitution on 
the Sm sites in samples with stoichiometry, (Smi-xEux)2.7oC60 (0<at<1). Here, 
surprisingly, the observed unit cell metrics become larger as the Eu 
concentration increases, in contrast to what is expected from the simple 
lanthanide contraction effect. The temperature evolution of the lattice 
parameters for various Eu concentrations was closely followed. The results 
of the pressure evolution of both EU2.75C60 and Eu and Sm solid solutions 
showed the occurrence of valence transitions above some critical pressure, 
accompanied by both reversible lattice collapse and insulator-to-metal 
transitions. 
In Chapter 5, the results obtained on Ca-substituted compounds wi th 
the stoichiometry (Smi-xCax)2.75C6o (0 < x < l ) are discussed. In a similar 
fashion to the behaviour of Yb- and Eu-substituted compounds, anomalous 
responses of the lattice size upon cooling were observed, except for the case of 
the alkaline-earth parent compound, Ca2.75C6o- This is consistent with the 
direct relationship between the observed physical effects and the presence of 
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selected rare-earth ions in these systems. Direct experimental information 
about the valence states of the rare-earth ions in the (Sm2/3Cai/3)2.75C6o 
fulleride was obtained by using partial fluorescence yield (PFY) X-ray 
absorption spectroscopy and resonant inelastic X-ray scattering (RIXS) 
measurements. Both PFY-XAS and RIXS have revealed the electronic origin 
of the first-order transition in the low temperature region, which was 
rationalised in terms of the average RE oxidation state approaching +2 upon 
cooling below some critical temperature. The complementary results from 
RBS and SQUID measurements wi l l also be presented in detail. 
Finally, Chapter 6 summarises the results of the present work, its 
contribution to our understanding of the properties of fullerene-based 
materials, and the future directions. 
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I n order to carry out the extensive investigation on the structural, 
electronic and magnetic properties of the rare-earth based fullerides in the 
solid state, a series of different experimental techniques have been employed. 
In particular, the use of synchrotron radiation facility was essential for 
studying their properties while having precise control of external stimuli 
such as a temperature and pressure. The SQUID measurements using the 
Magnetic Property Measurement System (MPMS XL, Quantum design) were 
carried out to study the magnetic properties of the samples. Finally, careful 
analysis of the experimental data reveals many unusual and interesting 
features. 
In this chapter, a brief description of the synthesis and experimental 
techniques and the theoretical aspects used in the experimental data 
analysis is presented. The description of the synthetic technique, in Section 
2.2, includes how the samples have been prepared for the different type of 
instruments and measurements, such as X-ray diffraction and SQUID 
measurements. I t is then followed by a brief overview of Magnetic 
measurements and Rutherford Backscattering Spectrometry (RBS). In 
section 2.5, basic theory and methodology for the determination of structural 
properties of the materials using powder diffraction techniques wi l l be 
introduced. Then theoretical aspects of Rietveld and LeBail method used to 
determine the lattice dimension of the powder diffraction data wi l l be 
presented. The descriptions of X-ray absorption spectroscopy technique wi l l 
be introduced towards the end of this chapter. 
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2.2 Synthetic Techniques and Sample Preparation 
2.2.1 Preparation for synthesis 
A l l the samples prepared during the period of the project were related 
to the metal intercalated fullerides, such as, the alkali-metal-doped 
fullerides (AxC6o), the alkaline-earth-doped fullerides (AExC6o), the 
rare-earth-doped fullerides (RExC6o), and the mixture of alkaline-earth and 
rare-earth-doped fullerides (AE xRE yC6o). The intercalation of solid Ceo with 
different electron donors requires different methods and some found to be 
more difficult compared to the other. 
One of the most important aspects for obtaining reliable data sets from 
the experiments is not only to produce good samples but also to establish the 
method to reproduce the sample with same quality and enough quantity to 
obtain as many experimental data as possible under different conditions. 
To make this possible, all tools have to be handled carefully, take control of 
the working environment, and most importantly, one have to precisely be 
aware of what is happening at each stage of synthesis. 
As all metal intercalated fullerides are extremely sensitive to oxygen 
and moisture, the sample handlings were therefore carried out in a 
controlled argon atmosphere glove-box, where the oxygen and water vapour 
levels are maintained below 0.1 parts per million (ppm). In order to keep 
the glovebox free from oxygen and moisture, the purifier attached to the 
glove-box was regenerated regularly using a hydrogen and nitrogen gas. 
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2.2.2 Starting materials 
The fullerene Ceo, super gold grade of purity >99.9%, was purchased 
from MER corporation. As Ceo itself is not as sensitive to oxygen and 
moisture as other metals or intercalated fullerenes, i t does not require any 
special storage environment. However, to ensure any trace of solvents, 
moisture and oxygen do not react wi th intercalating metals, i t requires 
degassing process before used for synthesis. The degassing of the Ceo was 
carried out using glass tube, vacuum line, and furnace set up as shown in the 
figure below (Fig. 2.1). 
Vacuum line 
Furnace at 200°C 
Fig. 2.1. Set up for the degassing Ceo- Ceo is placed inside glass container, 
which is attached to vacuum line, and heated at 200°C for 12 hours. 
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The glass tube was first attached onto a vacuum line, which is 
connected to a rotary and turbomolecular pump to obtain high vacuum of 10"5 
mbar. Then the tube was slowly warmed up to 200°C and kept heating for 
12 hours under vacuum. Switch off the furnace and let i t cool down to room 
temperature, then remove the glass tube from the vacuum line carefully and 
take i t into the glove-box. The degassed Ceo was then removed from the 
glass tube and ready to be used for synthesis once they were ground into 
powder. 
Almost all the metals used for the intercalation of Ceo were purchased 
from Aldrich except for Europium powder which was purchased from 
ChemPur. A l l these metals are graded 99.9+% purity, so that they do not 
require further purification before using. As these metals are sensitive to a 
moisture and oxygen, and some are very easily oxidised, they were opened 
and stored in the glovebox all the time. 
The purchased alkali-metals, such as, sodium, potassium, and 
rubidium usually come in a soft silver ingot, which can be easily cut using a 
scalpel and weighed for the stoichiometric quantities for further synthesis. 
While cesium has relatively low melting point at 28.4°C and therefore 
requires cooling system to handle in the solid state. 
The alkaline-earth-metals, such as calcium, strontium, and barium 
used were in pieces when purchased, and therefore have to be ground into a 
powder using a diamond coated file. Here, i t is important not use the same 
files for a different metals in order to avoid mixing unwanted metals for 
synthesis. For the case of calcium, the fine powder can also be obtained by 
dissolving the metal using liquid ammonia. In this way, sufficient amount 
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of fine and pure Ca powder for the intercalation can be efficiently obtained. 
Finally, the rare-earth-metals, such as samarium, europium, ytterbium, 
and thulium usually come in a powder form, which can be directly used in 
the synthesis. 
2.2.3 Intercalation of Alkali-metals 
Although alkali-metal-doped fullerenes are sensitive to oxygen and 
moisture, which limits the choice of sample preparation methods, a variety of 
synthetic techniques have been established [ l ] since the discovery of 
superconductivity in K3C60 [2]. The technique employed to synthesize the 
alkali-metal-doped fullerides, AXC60, depends on the type of metal, A, and 
how much metal doped, x [3 - 5], among these, the frequently used technique 
is to prepare compounds by direct reaction of alkali metal vapour and Ceo-
The alkali-metal-doped fullerides samples were synthesised by reacting 
stoichiometric amounts of Ceo powder, which was degassed prior to synthesis, 
and the relevant alkali-metals. A l l the materials were combined within 
specially designed, open at one end and closed at the other, tantalum cells. 
The tantalum cell, containing the Ceo powder and alkali-metal, was then 
placed in a tantalum tube, of which both ends can be closed, before placed 
into a pyrex tube as shown below (Fig. 2.2). The tantalum cell and the tube 
were used to prevent any unwanted reaction between metals and the pyrex 
tube when the material was annealed. 
The pyrex tube was then carefully removed from the glovebox and 
attached to the vacuum line to evacuate the inert atmosphere and filled with 





Ta cell + powder 
Ta tube + cell 
Fig. 2.2. Set up for the intercalation of alkali-metal-doped Ceo. Stoichiometric 
amount of Ceo powder and alkali-metal are put together in the Ta cell and 
then Ta tube. 
conductor to ensure the temperature derivative to be as small as possible 
along the tube. The pressure of the helium gas inside the tube was 
calculated to be less than 1 atmospheric (atm) pressure with the maximum 
annealing temperature used (PV= nPT), this is to avoid any possibility for 
the glass tube getting crack with increasing pressure inside the tube. The 
sample was then placed in a pre-heated furnace and annealing processes 
were carried out for a half day to maximum of 2 weeks at a temperature 
between 200 to 450°C depending on the composition of the sample. 
The samples were then placed back into the glovebox and ground into a 
• 
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fine powder to ensure a homogeneity within the sample and a small amount 
from each sample was introduced into glass capillaries (diameter of 0.5 mm) 
for the X-ray diffraction measurements to monitor the progress of reactions. 
Further annealing process was performed i f necessary under the same set up 
while the annealing conditions can be varied depending on the state of the 
reaction. After the final stage of annealing, the two capillaries were 
prepared for the detailed X-ray diffraction measurements and some were 
weighed and placed in a quartz tube for the SQUID measurements. The 
remaining samples were carefully stored inside the pyrex tube under high 
vacuum. 
2.2.4 Intercalation of Alkaline-earth-metals 
The first successful intercalation of alkaline-earth-metals with Ceo has 
been reported for calcium, leading to the CaxC60 fullerides where x varies 
from 1.5 to 8 [6]. This was then followed by the report of barium doped Ceo 
[7], and strontium doped Ceo [8]. However, lit t le systematic investigation of 
the properties has been undertaken compared to those done for the 
alkali-metal fullerides. This is mainly due to the difficulty associated with 
obtaining phase-pure samples, which requires relatively high annealing 
temperature compared to that for the alkali-metal intercalation. 
The most reliable way to synthesize AExC6o (AE = Ca, Ba, Sr) is direct 
reaction between the alkaline-earth metals and Ceo. The AEXC60 samples 
were prepared by reaction of stoichiometric quantities of high-purity (99.9% 
pure) AE metal powder and Ceo- As AE metals are not soft metals, but not 
sticky compared to alkali-metals, thus, the barium and strontium powder 
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can be obtained by grinding the metal using a diamond coated files. While 
calcium metal is stickier than Ba or Sr, thus i t is easier to obtain Ca powder 
by dissolving Ca metal in liquid ammonia at -60°C and then removing the 
ammonia by heating them at 150°C on vacuum line under a high vacuum of 
10"5 mbar [9] rather than grinding them by files. Those powders were 
weighed and mixed with C6o and then pressed into pellets using metal die set 
before placed inside the tantalum tubes as shown below (Fig. 2.3). 





die set + powder 
Ta tube + pellet 
Fig. 2.3. Set up for the intercalation of alkali-earth-metals. Mixed AE metal 
and Ceo powder was pelletized and placed inside Ta tube for annealing. 
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As higher temperature is required for annealing, the tantalum tubes 
were loaded into quartz tubes. This is due to the alkaline-earth-metals are 
very reactive wi th glass, hence direct contact must be avoided and the 
temperature used here is very close to the melting point of the glass tubes 
which requires the quartz tubes that has higher melting point. The quartz 
tube was then carefully removed from the glove-box and attached to the 
vacuum line to evacuate the inert atmosphere and filled with a high purity 
helium gas before sealed. The tube was placed inside the pre-heated 
furnace and the annealing was carried out at the temperature ranging from 
500°C to 650°C for 12 days with intermittent grindings. Phase purity was 
monitored by powder X-ray diffraction and SQUID magnetometry. 
When synthesising a mixture of alkali-metal and alkaline-earth-metal 
fullerides, AxAEyC6o, the techniques introduced in the previous and current 
sections have to be combined. For example, in order to synthesise NaBasCeo, 
first barium is intercalated to Ceo to obtain BaaCeo using the technique 
explained in this section, and then reaction of appropriate amounts of Na can 
be done using the technique introduced in the previous section. This 
technique can also be used for a mixture of rare-earth and 
alkaline-earth-metal fullerides, RExAEyC6o, synthesis. 
2.2.5 Intercalation of Rare-earth-metals 
Recent observation showed that the rare-earth doped fullerides do form 
stable intercalation compounds for RExC6o (RE = Yb, Sm, and Eu, x = 2.75, 
and 6) which offers wide range of interesting, both electronic and magnetic, 
behaviour [10-12]. For instance, the first successful intercalation of Ceo 
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with a rare-earth metal has been reported for ytterbium, leading to the 
Yb2.75C60 fullerides, which showed superconducting phase below 6 K [10]. 
However, systematic investigations on the family of rare-earth fullerides 
have been limited due to the difficulties in devising reliable protocols for 
preparation of single-phase materials. The reactions of rare-earth metals 
with Ceo require high temperature which competes with the formation of 
rare-earth carbides with the formation of fullerides [13]. 
The rare-earth-metal-doped fullerides samples were synthesised in a 
controlled argon atmosphere glove-box by reacting stoichiometric amounts of 
Ceo powder and relevant amount of rare-earth-metals. This mixed powder 
was pressed into a pellet, using 7 mm die set, and placed into a closed 
tantalum tube before loading them into a quartz tube. The tubes were then 
connected to the vacuum line to evacuate the inert gas and obtain high 
vacuum of 10"5 mbar. Then sealed under a helium gas of half the 
atmospheric pressure, and placed in a pre-heated furnace and carried out 
annealing processes for a minimum of 2 hours to a maximum of 2 weeks at 
high temperature between 500°C and 625°C depending on the composition of 
the sample. 
I n order to f ind the optimum reaction temperatures and annealing 
times, several samples having same composition were placed in the different 
furnace at various temperatures for different annealing times. The samples 
were placed back into the glovebox for intermediate grindings to ensure the 
homogeneity of the powder and a small amount from each sample was 
introduced into glass capillaries for the X-ray diffraction measurements to 
monitor the progress of reactions. 
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Another difficulty that has to be encountered here is that the X-ray 
produced by a copper target is not sufficient to carry out diffraction 
measurements for rare-earth-doped fullerides especially for the samples 
containing samarium and europium. This is due to the wavelength of X-ray 
produced by the copper atom is very close to the Zi-absorption edge of 
samarium and europium giving resulting diffraction profiles with very poor 
intensities (Fig. 2.4). 










20 Cu radiation i Cu radiation 
3 I t 11 10 5 8 
Energy (keV) Energy (kev) 
Fig. 2.4. The X-ray form factor as a function of energy. Three X-ray edges: 
IA, La, and Li (dotted lines) and the copper Ka radiation (dashed line) are 
shown for samarium (left) and europium atoms (right). 
On top of this, the angular accuracy and energy resolution obtained 
from the laboratory diffractometer is only good enough to monitor the 
progress of reactions and hence requires high-resolution synchrotron 
radiation to study the structural properties of interesting but very 
complicated compounds. 
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At the end of the annealing process, two glass capillaries from each 
samples containing sufficient amount of powder were prepared and sealed 
not longer than 3 cm for X-ray diffraction measurements. The remaining 
part of samples were weighed and stored safely unti l i t is required for 
different experiments. 
This techniques has been employed to synthesize a mixture of two 
different rare-earth-metal doped Ceo, namely, samarium and europium 
leading to the sample composition of (Smi-xEux)2.75C6o and mixture of 
alkaline-earth and rare-earth-metal doped Ceo, in this case (Smi-xCax)2.75C6o. 
2.3 Magnetic Measurements 
2.3.1 The MPMS SQUID Magnetometre 
The Magnetic Property Measurement System (MPMS) was designed 
for measuring the magnetic moments of a material with high accuracy under 
a broad range of applied magnetic fields (up to 5 Tesla) and precise low 
temperature control (LTC) system. The MPMS (Fig. 2.5) is composed of 
several different systems. Among these components, the Superconducting 
Quantum Interference Device (SQUID) detector is the heart of the magnetic 
moment detection system. Recent improvements in the MPMS control 
software can provide various sample temperatures ranging from 1.9 to 400 K 
using the internal heater, liquid helium and nitrogen. Another important 
feature of the MPMS is that a large magnetic field from zero to both positive 
and negative 5 Tesla is generated with the use of a superconducting solenoid, 




Fig. 2.5. The picture of whole MPMS components (left), schematic diagram of 
MPMS probe w i t h blow up of superconducting solenoid detector coil (right). 
The sample chamber is located inside the superconducting detection 
coils and is maintained at a low pressure w i t h static helium gas. The 
sample is attached to an end of a r igid sample rod that enters this sample 
space and i t is controlled by the Sample Handling System. A measurement 
is performed by moving a sample i n a series of discrete steps through the 
detection coils, which are connected to the SQUID input coil w i t h 
superconducting wires, forming a closed superconducting loop (Fig. 2.6). 
As a sample is moving through this loop, i t causes a change in the 
magnetic f lux wi th in the detection coils. This change modifies the current 
i n the superconducting circuit and the SQUID produces an output voltage, 
which is proportional to the current flowing in the SQUID input coil. I n 
other words, the SQUID is a device that can function as a highly linear and 
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Fig. 2.6. Configuration of the Second-derivative coil. 
The measurements of the voltage variations are stored in a computer 
and the integration of the area under the voltage vs position gives a highly 
accurate measurement of the magnetic moment of the sample. The 
determination of the magnetic moment as a function of temperature and/or 
magnetic field can provide information about the magnetic properties and 
the electronic structure of a studied material. 
2.3.2 Introduction to Magnetism 
A l l the material can be classified into different types of magnetic 
behaviour, such as paramagnetic, diamagnetic or ferromagnetic, depending 
on the behaviour of its magnetic moments in the presence of an external field. 
The characterisation of the magnetism exhibited by a material can be 
determined by measuring how magnetisation changes with respect to 
temperature or the strength of an applied magnetic field using the SQUID 
magnetometer. 
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When a material placed in a magnetic field, the magnetic flux density, 
B, w i l l either increase i f the materials are paramagnetic or decrease i f the 
materials are diamagnetic. The magnetic flux density in a material is given 
by: 
B=jJ0{H+M) (Eqn. 2.1) 
where Mis the magnetisation of the material, /JO is the permeability of free 
space, and His the magnetic field intensity. 
The MPMS provides the value of the magnetisation of the material and 
hence the magnetic susceptibility, x, which is the ratio of the magnetisation 
of the material with respect to the applied magnetic field. The magnetic 
susceptibility per unit volume is defined as: 
H 
and hence x is dimensionless. In the cgs system, the unit of the 
magnetisation is emu (electromagnetic unit) and the units of the 
susceptibility are given in emu/cm3. The susceptibility is also defined 
referred to unit mass or to a number of moles in the material, which gives 
the units in emu/g or emu/mol respectively. 
The two principal magnetic measurements that are usually performed 
are the magnetisation as a function of temperature, M(T), and the 
magnetisation as a function of an applied magnetic field, M(H). The M(T) 
measurements are made by fixing the applied field and measuring Mat a 
different temperatures, while M(H) measurements are performed by fixing 
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the temperature and measuring M at a series of H values. These 
measurements of magnetisation, M(T) and M(H) are then plotted against 
applied temperature, T, and field, H, respectively, and these graphs can be 
used to determine the magnetic properties of the measured samples. A 
typical M(T) plot for different types of magnetism is shown in the figure 
below (Fig. 2.7), indicating that the type of magnetism exhibited can be 
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Fig. 2.7. x v s T/'curves of the different types of magnetism. 
In the case of the M(T) measurements, the applied magnetic field can 
either be as high as 5 T depending on the material measured to determine 
the type of magnetism exhibited over wide range of temperature as shown in 
the Figure 2.8, or as low as 10 Oe over relatively narrow temperature range 
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to observe histeresis behaviour. The latter measurements are known as 
zero-field-cooled (ZFC) and field-cooled (FC) sets of measurements. In ZFC 
measurement, the material is cooled down to the lowest measurement 
temperature with no applied field, then a weak magnetic field is turned on 
and the magnetisation is measured as a function of temperature. In FC 
measurement, the material is cooled under a magnetic field to the lowest 
temperature and measurements are also collected as a function of 
temperature. This measurements are useful to determine the temperature 
range over which the magnetic changes in a system are irreversible. 
i) Curie-type Paramagnetism 
Probably the simplest type of magnetic behaviour is known as 
Curie-type paramagnetism, which arises from the partial alignment of the 
unpaired electron spins within a material by an applied magnetic field in the 
direction of the field. Within an applied magnetic field, for a 
non-interacting isolated spins, the magnetic moment tends to align, however, 
these effects are encountered by a randomisation of the spins due to thermal 
energy. This paramagnetic behaviour can be explained by the Curie law, 
which describes a temperature dependence of the susceptibility, given by: 
X ( T ) = - (Eqn. 2.3) 
T 
where Cis the Curie constant, which plays an important role in determining 
the origin of the paramagnetism. This suggests that when the material is 
paramagnetic, a plot of 1/x versus T wi l l be a straight line through the origin, 
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and the Curie constant can be determined from its slope. 
The molar Curie constant can give information on the effective 
magnetic moment of an atom and the number of magnetic atoms in the 
material as i t is defined as : 
where 
N A = Avogadro's number, 
p eff = Effective magnetic moment, 
U B = Bohr magneton, 
k& = Boltzmann's constant. 
Temperature dependence of the magnetic susceptibility in paramagnetic 
material is shown in figure below (Fig. 2.8). 
C 






Fig. 2.8. Schematic plot of l/% vs Tior a paramagnetic material. 
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I t was observed for some compounds deviates from the Curie law and in 
such a cases, the modification to the above formula (Eqn. 2.3) is required to 
describe the variation of susceptibility. The prominent example was 
reported for compounds containing rare-earth-metal, such as samarium (Sm) 
and europium (Eu), whose energy intervals between the ground state and 
the excited state become much greater than JCBT at sufficiently low 
temperatures [14, 15]. The behaviour of the susceptibility in these regions 
is best described by: 
x(T)=j+a (Eqn. 2.5) 
where a is the temperature independent susceptibility and this is known the 
van Vleck temperature independent paramagnetism. The figure below 
shows the temperature-dependent magnetic susceptibilities of the free Sm 2 + 
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Fig. 2.9. The magnetic susceptibilities of the free Sm 2 + and Sm 3 + ions 
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For the Sm 3 + ion, because of the relatively small spacing (348 K) 
between the ground state (6Hs/2) and the f irs t excited state (6H7/2), the 
susceptibility is obtained by summing the corresponding Curie and van 
Vleck contributions. While for Sm 2 + ion, at low temperatures, only the 
non-magnetic ground state (7Fo) is populated and thus the Curie contribution 
to the magnetic susceptibility is zero and there is only a van Vleck 
temperature independent term arising through the mixing of the ground 
state and the first excited state (energy separation between these states is 
420 K). 
ii) Ferromagnetism and Antiferromagnetism 
Certain materials exhibit a spontaneous magnetic moment due to 
strong interaction between the magnetic moments of neighbouring atoms or 
molecules and formation of magnetically ordered states. These interactions 
results in a high degree of alignment of the electron spins and magnetic 
moments in a parallel or anti-parallel to one another, which are known as 
ferromagnetism and antiferromagnetism. When such interactions between 
magnetic atoms are considered, the Curie-Weiss susceptibility formula 
becomes important, which is known as Curie-Weiss law: 
X(T) = — (Eqn. 2.6) 
T-Q 
where 0 is called the Curie-Weiss temperature, which can be obtained 
graphically from the intercept of a plot of 1/ x T V i t h the x-axis (Fig. 2.10). 
When 9 is positive, the moments are aligned in a parallel fashion to each 
55 
other and hence the material is ferromagnetic below Tc (= 0), the Curie 
temperature. On the other hand, when 9 is negative, the moments are 
aligned in an anti-parallel way and hence the material is antiferromagnetic 
below 7N (= 191), the Neel temperature. 
Fig. 2.10. Schematic plots of 1/ x v s Tior various magnetic systems. 
Above the Curie or Neel point, the alignment is broken down and the 
material becomes paramagnetic. In this region, the observed susceptibility 
variation is best described using above expression (Eqn. 2.6), which should 
be rewritten depending on the behaviour below 7c and 7k as following: 





C (Ferromagnetism) (Eqn. 2.7) 
X(T) = 
C (Antiferromagnetism) (Eqn. 2.8) 
T + T N 
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These are two basic types of phenomena which the susceptibility above 
certain temperatures follow the Curie-Weiss law in the mean field 
approximation. A third type is a ferrimagnetism, which can be described as 
an anti-parallel alignment of two spin lattices having the magnetic moment 
of one is larger than that of the other. 
I t should be noted here that a plot of M(H) curve for ferromagnetic 
materials are not linear, the magnetisations are not reversible, and the 
magnetisation reaches a saturation value as the intensity of applied field is 
increased. This is due to the fact that the ferromagnets are composed of 
small regions called domain. As the directions of magnetisation of different 
domains not necessarily to be parallel, the net magnetisation of a 
ferromagnet can be less than the saturation moment. Furthermore, the 
increase in the gross magnetic moment in an applied magnetic field takes 
place by different processes which results in displaying hysteresis in Mvs H 
plots. 
iii) Diamagnetism due to Superconductivity 
The two properties that all superconductors have in common are zero 
resistance and perfect diamagnetism. The most well known property of 
superconductors is that they have zero resistance, that is, the current 
created in a superconducting ring wi l l flow without being lost as long as the 
superconducting state is kept. The other property of a superconductor is 
known as perfect diamagnetism or the Meissner effect, that is, the current 
near the surface completely screens the inner part of the material from an 
applied magnetic field. 
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Superconductors are classified as one of two types depending on their 
behaviour within an applied magnetic field. In a type-I superconductor, 
below critical temperature, Tc, the plot of M(H) at a fixed temperature has a 
large negative slope up to a certain critical field, Hc. A good type-I 
superconducting material is placed below Tc and Hc, the surface current on 
the material prevents the penetration of a magnetic field, thus, the lines of 
induction are ejected from the material, unt i l superconductivity is destroyed 
suddenly. In a type-II superconductor, the M(H) plot shows a linear 
response to an applied magnetic field up to a certain field known as the lower 
critical field, Hc\. As the applied field is increased, the magnetisation 
initially drops rapidly and then decreases with constant slope unt i l the 
upper critical field, HC2, is reached, where i t becomes zero. Above this point 
the field penetrates the material completely and i t is in the normal state. 
Diamgnetisation is mainly associated with type-I superconductor, 
whereby the electrical charges partially to shield the inner part of a material 
from an applied magnetic field results in having negative magnetic 
susceptibility as shown in Fig. 2.7. The superconductor is said to be a 
perfect diamagnet i f the magnetic field of the induced current inside the 
material is equal and opposite to the external magnetic field. Here, the 
ZFC and FC measurement is useful in determining the transition 
temperature, Tc, at which the material goes from the superconducting state 
to the normal state. Namely, the fact that below Tc the magnetic field is 
expelled from the inside of the material, leads to a rapid drop in M(T) to 
negative values and the onset in this curve is used to estimate the transition 
temperature. 
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2.4 Rutherford Backscattering Spectrometry 
Rutherford Backscattering Spectrometry (RBS), which sometimes 
referred to as High-Energy Ion Scattering (HEIS) spectroscopy, is a 
well-known analytical technique that has been used in materials research 
for many years. RBS is used in order to determine the stoichiometry of the 
material very accurately and is based on the study of the energy of ions 
scattered by atoms situated at various depths in a solid. Its strong point 
compared to other common analytical techniques such as Auger Electron 
Spectrometry (AES), Secondary Ion Mass Spectrometry (SIMS), X-ray 
Photoelectron Spectroscopy (XPS) etc. is its ability to provide absolute 
elemental concentration as a function of depth, without the use of standards. 
The results obtained from this technique can therefore be very useful to 
construct or improve a model that is used for Rietveld refinements of 
diffraction profile. 
RBS technique is based on the effect of single elastic collisions between 
the probe ions and nuclei in the material. As soon as the ions penetrate the 
solid, they begin to be slowed by inelastic collisions (ionisation, excitation, 
etc.) with electrons in the solid, which continues unt i l the ion collides with a 
target nucleus and suffers an elastic collision. When the collision is purely 
elastic, that is, the incoming particle does not have sufficient energy to 
penetrate the Coulomb barrier surrounding the nucleus, the scattering 
process obeys simple classical laws and the final energy of the scattered ion 
wil l depend on the kinematic factor, K, determined by the masses of the 
incident and sample nuclei and the stopping power of the matrix for the 
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probe ion at all energies from the incident energy down to that at which i t 
leaves the material (Fig. 2.1l) [ l6 ] . 
K E 




Fig. 2.11. The kinematics of Rutherford scattering. 
In this case, both the final energy of the backscattered particle at an 
angle 9 and the probability for the scattering to occur per unit solid angle can 
be described by the simple Rutherford scattering equations, thus, in turn, 
the kinematic factor, the ratio of the kinetic energy detected to that just 
before the collision, is given by : 
where m and Maxe the masses of the incident and target atoms respectively, 
and 8 is the laboratory angle through which the incident ion is scattered. 
The yield, diVXin counts per second), for a given material can be related to its 
atomic concentration, n (atoms/cm2), is given by: 
°1 m sin 
d / 2 
+ mcosO (Eqn. 2.9) 
M + m 
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dN=In—dCl (Eqn. 2.10) 
dQ 
where / is the beam intensity (ions per second), and dQ, is the solid 
acceptance angle of the detector. The probability for the scattering to occur 
per unit solid angle is given by : 
da_ 
4F V H C o J sin
4(^/2) 
(Eqn. 2.11) 
where z and Z are the atomic numbers of the incident and target atoms 
respectively, Eo is the kinetic energy of the incident ion just before the 
collision. Since the parameters m, Eo, and 9 are usually known, an energy 
spectrum of the backscattered ions wi l l provide a profile of the mass and 
depth distribution of atoms within the material. 
The criterion for elastic scattering is met when a particles are used at 
energies of up to 2 MeV, for this reason helium ions are extensively used for 
carrying out the vast majority of RBS analyses. The principal limitation of 
this technique is that i t is not good for trace-element analysis. RBS is 
useful for depth profiling heavy atoms in a material composed of lighter ones, 
while in the case of light atoms imbedded in a heavy-atom, another approach 
is required. To account for this problem, the use of the combination of 
Particle Induced X-ray Emission (PIXE) spectrometry and RBS using 
protons has been employed. Here, RBS is used for the matrix 
determination and depth profiling and PIXE is used as i t is more sensitive to 
all elements with Z > 12. For this technique, a 2-3 MeV proton is used 
instead of 2 MeV He + beams, since the reduction in cross section for X-ray 
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production when using a particles makes i t useful only for specific cases of 
low-mass elements. 
The RBS/PIXE combined analyses were carried out with the ion beam 
analysis service located in the chemistry department, Durham University. 
There are three types of beams available, namely, 1H + , 4He + / + + , and 3He + / + + , 
for different purposes, where recent modification to the ion source enabled 
rapid switching between the available beam species. The ion beams used 
for RBS/PIXE analysis are produced in a 1.7 MV Tandem accelerator, which 
is capable of accelerating incident ions in the electrostatic field to required 
energy range of 1-4 MeV. The ion beam emerging from the accelerator, with 
energy fixed at 3.0 MeV, first passes through an analyzing magnet, which 
sorts out the ions of the correct mass and velocity, followed by focussing of 
the beam, which is then collimated just before entering to the irradiation 
chamber. A sample material is mounted on a high-precision goniometer 
together wi th a thin layer of known areal density, for example Fe, to 
calibrate the combined detector solid angle and integrated beam charge. 
A high-resolution solid state detector was set at 170° to the incident 
beam to measure energy of backscattered protons. As the spectral intensity 
in RBS/PIXE is proportional to the number of incident particles, the 
measurements are generally carried out for a preset charge of protons. The 
charge is measured by an external counter, and the ratio of the metal 
concentration was determined unambiguously by f i t t ing simulated spectra to 
the experimental spectra using RUMP RBS analysis software. 
Simultaneous PIXE measurements were carried out alongside the RBS 
measurements and PIXE data were analysed using GUPIX software. PIXE 
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measurements were not used to determine stoichiometry since this 
technique is less quantitative than RBS. The PIXE spectra obtained did 
nevertheless confirms the identity of metals present in each material as well 
as the absences of impurities. 
2.5 Powder diffraction 
Structural studies of the materials are usually based on diffraction of 
photons, neutrons and electrons, where powder diffraction measurements 
are most commonly used in solid state chemistry when single crystal is not 
available. The diffraction patterns depend on the crystal structure and the 
wavelength of the radiation used. For this reason, the powder diffraction 
analysis can be used as a one of fundamental tools to observe whether the 
samples form a solid solution and to determine their structure i f they were 
not known. 
For an ideal powder X-ray diffraction measurement, the sample should 
consist of a large number of small crystallites randomly oriented with 
respect to each other to satisfy the orientation necessary for scattering. For 
accurate measurements of X-ray diffraction intensities, the sample should 
have small grain size of 10 um or less. 
Carefully prepared samples were loaded to a diffractometer to collect 
the powder X-ray diffraction patterns, which were done using two different 
instruments, a Siemens D5000 diffractometer and a beam line at 
Synchrotron Radiation at European Synchrotron Radiation Facility (ESRF) 
in Grenoble, France. These profiles are one of the most useful data sets to 
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determine the structural parameters and to study the physical properties of 
compounds. 
2.5.1 X-ray diffraction from crystals 
In a crystal structure, the atoms, the group of atoms, molecules, etc are 
arranged in a periodic array in 3-dimensional space, which can be classified 
into 7 different crystal systems and/or 14 Bravais Lattice (Table 2.1). The 
X-ray diffraction pattern can be observed when the incident radiations 
interact elastically with the electrons of the constituent atoms and due to 
their periodicity, the diffraction peaks can be observed at specific angle. 
From a powder diffraction pattern, the position, intensities, and profile 
of the diffraction peaks can be obtained. These parameters are unique in 
the sense that different compounds wil l have different diffraction patterns, 
depending on the size and the symmetry of the unit cell and the atomic 
positions within the cell. 
The peaks in an X-ray measurement occur as a result of the diffraction 
from the crystal planes oriented at a specific angle 6, to the incident beam. 
This angle is known as the Bragg angle, which is only obtained when the 
angle of incident is appropriate for the wavelength and for the distance 
between two adjacent planes (Fig. 2.12). 
The difference in path between the waves scattered at D and B is equal 
to AB + BC = 2d sin 9. When this is satisfied, the diffracted beams are in 
phase and interfere constructively, and hence, precise indexing of the crystal 
planes is possible and the distance between two parallel planes, known as 
d-spacing, can be accurately measured. This condition is known as the 
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Table 2.1. Seven crystal systems and the corresponding characteristic parameters. 




Relation between lattice constants and d-spacing 
Cubic a=b=c, a = j3 = y=90° 3 1 _h2+k2+l2 
d2 a2 
Tetragonal a=b^c, a = j3 = y=90° 2 1 _h2+k2+l2 
d2 a2 c2 
Orthorhombic a^b^c , a = j3 = y=90° 4 
d2 a2 b2 c2 
Hexagonal a=b^c, a = /3=90°,y=120° 1 
1 _4(h2 +hk + k2~\ r-
d2 ~ 3{ a2 ) c2 
Trigonal a=b=c, a = /3 = y <120°,^90° 1 ^ {h2 +k2 +l2)sina+2(hk +kl +lh)(cos2 a-cosa) 
d 2 a 2 (l-3cos 2 a+2cos 3 a) 
Monoclinic a^b^c , a = y =90°^ j3 2 
1 1 (h2 | k2 sin2 J3 ^ I2 2/2/cos 
d2 sin2/?\^a2 b2 c2 ac J 
Triclinic a^b^c , a 13 y 1 
\ = \{suh2 + S22k2 + V 2 + 2 S n h k + 2 ^ 2 3 w + 2 S J h ) * d V 
*V = abcyj(l - cos2 a - cos2/? - cos2 y + 2 cos a cos /? cosy 
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Table 2.1 (continued) 
5",, = b2c2s'm2a , S22 = a V s i n 2 /?, S33 = a2b2 sin2 y , Su = aZ>c2(cosacos/?-cos/) , 
S23 = a2bc(cos/3cosy-cosa), S l 3 = ab2c(cosycosa-cos/?) 
Bragg's Law, which can be illustrated by the Bragg equation: 
2fl?hkl sin 0 = nA (Eqn. 2.12) 
where d hkl, 6, n, and X represents the d-spacing between the (hkl) planes, 
the Bragg angle, an integer, and the wavelength, respectively. 
R 





Fig. 2.12. Schematic representation of the Bragg equation, where reflection 
of X-rays from two lattice planes belonging to the family of lattice planes 
with indices h, k, 1. dis the interplanar spacing. 
It should be noted that the Bragg's law does not refer to the composition 
of the basis of atoms associated with every lattice point, but it is a 
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consequence of the periodicity of the lattice. However, from the above 
equation, i t is clear that the Bragg angle depends on the d-spacing, dun, of 
(hkl) crystal planes, in such a way that larger unit cells wi th larger spacing 
give small angles of diffraction and hence produce more reflections compared 
to the smaller unit cell. I f the crystal structure and the lattice constants are 
known for the sample, using appropriate equation shown in table 2.1 to 
calculate d-spacing, and hence i t can be concluded that the peak positions 29 
depend on the lattice constants of the material. 
The other information that can be obtained from the X-ray diffraction 
profile is that the atomic coordinates of the material determined from the 
relative intensity of the various orders of diffraction from a given set of 
parallel planes. 
The amplitude of the wave that results from the constructive 
interference of the waves Ri and R2 (Fig. 2.12) can be expressed as : 
F(hkt) = \F(hld)\-ei9 (Eqn. 2.13) 
where |.F(Wt/)| is the amplitude, <p = 27tr*.r is the phase of the diffracted ray 
and i^hkl) is known as the structural factor. 
The intensities of the reflection from hkl planes are related to this 
structure factor, which depends on the contribution of all scatterers within 
the unit cell, in such a way that the amplitude is proportional to the square 
root of the scatter intensity, / (hk l ) which is written as: 
\F(hkl)\2 =sl(hkl) (Eqn. 2.14) 
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where s is the constant factors grouped together, which are the scale factor 
common to all the reflection and the other parameters that depends on a 




where lo = intensity of the incident beam, X = wavelength of the radiation 
source, Is = height of the detector slit, r = sample to detector distance, jh = 
multiplicity for reflection (h, k, 1), Vc = unit cell volume, Lp = the combination 
of the Lorentz and polarization factors for the diffractometer geometry, KR = 
i^lnieC?)2 where e and me are the charge and mass of an electron and c the 
speed of light, KG = (l/8)u for X-ray Bragg-Brentano geometry, P74 for X-ray 
Debye-Scherrer geometry, where u is the linear absorption coefficient of the 
sample and V is the volume of the sample irradiated by the beam. 
The structure factor, .Khkl), can also be written as a sum in which each 
term describe diffraction by one atom in the unit cell. As there is more than 
one electron around every atom, the scattered radiation from a single atom 
must take account of interference effects within the atom. This quantity, 
which is known a measure of the scattering power of the / h atom in the unit 
cell, is called the atomic structure factor, / j . 
The value of / involves the number and distribution of atomic electrons, 
and the wavelength and angle of scattering of the radiation, which is 
expressed as: 
/ ; 2 = ( / 0 + A / ) 2 + ( A / " ) 2 (Eqn. 2.16) 
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here A / ' and A / " are the anomalous dispersion terms. 
The scattering factor is different for each element, which depends on 
the atomic number (Z). The function increases as a number of electron in 
the atom is increased, hence larger atomic number implies larger scattering 
power. This also implies that when there is small number of electrons, 
contribution to the diffraction intensity is also small, and hence i t is difficult 
to determine the atomic coordinates of those atoms with small atomic 
number, such as helium. When 9 = 0°, the value of / is same as the atomic 
number of the scatterers, and the value decreases as the angle, 29 increases. 
This is the one of the reasons for the intensity of diffraction peaks weakens 
at higher angles. 
The structure factor equation, hence, can be written as a Fourier series 
that describes the sum of diffraction from each iV atoms having scattering 
power factor / j and atomic coordinates (xj, yj, Zj) of t h e / h atom. 
F(hkl)- ZJ f j ( e ){e ' ) (Eqn. 2.17) 
j=i..N 
where (h, k, 1) is the Miller indices for the reflection, and Bj is the 
Debye-Waller displacement factor for atom / (in A 2 ) . 
-Bj s in 2 9/ X 2 
The term, € takes into account the effect of thermal 
vibration has on the electron cloud, making i t more diffuse and thus reducing 
the scattering efficiency at higher angles. I t should be also mentioned that 
the structure factor .Khkl) can also be written as the sum of contribution 
from each volume element of electron density in the unit cell. The electron 
density of a volume element centred at (x, y, z) is roughly the average value 
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of p(x, y, z) at all points. Considering extremely small volume elements, the 
structure factor equation can be rewritten as: 
F{hkl)= Jp(x,y,z)(e 
- f i s i n 2 9 / X 2 2ni(hk+kyMz )dV (Eqn. 2.18) 
v 
This equation shows that the structure factor is the Fourier transform of the 
electron density on the set of the lattice planes (hkl), hence i f the value for 
/ (hk l ) is obtained, the electron density can be calculated from above using 
following equation: 
where t^is the volume of the unit cell. 
These equations demonstrate that the number and positions of 
reflections are determined by the unit-cell dimensions and the wavelength of 
the diffracted beam, and the intensity of reflection depends on the electron 
density of hkl planes. The crystal structure of the samples can be 
determined either by comparing the diffraction pattern of the sample with 
that of already know material and use the equations to obtain lattice 
constants and atomic coordinates. From precisely measured reflection 
intensity, / (hk l ) , using equation 2.3 the structure amplitude, | / r (M/) | can be 
calculated, and obtain the structure factor, / (hkl ) , from the direct methods, 
heavy-atom method, anomalous scattering or molecular replacement to 
p(x,j>,z) =-!- £ 2 ^F{hkl)e 
-2ni(hx+kyHz) 
(Eqn. 2.19) 
h k 1 
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calculate the electron density, p(x, y, z), using equation 2.19. The obtained 
electron density peaks determines the atomic coordinates of the sample and 
the lattice constants can be obtained using equation 2.12 and using 
appropriate formula shown in table 2.1. 
Once the basic information about the crystal structure of the sample is 
known, i t is possible to simulate the diffraction pattern and using rietveld 
method to determine parameters related to the crystal structure to obtain 
more information from the diffraction pattern. The theoretical aspects of 
the Rietveld method wi l l be presented later this chapter. 
2.5.2 Siemens D5000 Diffractometer 
The Siemens D5000 diffractometer is used to monitor the progress of 
reactions of the samples synthesised and to provide data for structural 
refinement. In the Siemens D5000 diffractometer, X-ray radiation is 
generated by a beam of electrons is allowed to strike a copper target within a 
sealed tube that is located inside a high-vacuum chamber. More specifically, 
an accelerated electron by applied high voltage of 40 kV hits the target metal 
to allow a Is electron of the copper atom to become ionised. The X-ray 
photon is emitted when a higher energy electron decays to the empty I s state. 
The best result from a diffraction measurement can be obtained by using the 
most intense monochromatic X-ray beam filtering out all other wavelengths. 
The lowest-frequency line, which is the most intense line, corresponds to the 
o 
Ka transition, having a wavelength of 1.5418 A. The wavelength is the 
averaged wavelength of the two slightly different transitions K^i and Kx2, 
related to the two possible spin states of a 2p electron. A monochromatic 
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Ka radiation can be obtained by using Ni foil as a filter, which absorbs the 
unwanted radiation, such as K§ and the white radiation. 
This diffractometer used for recent study was optimised for capillary 
measurement, which allows; easier alignment of X-ray and the sample, 
rotate the capillary, and obtain better resolution with less background noise. 
The samples were, hence, sealed in a glass capillary of 0.5 mm diameter and 
scans were carried out at room temperature in the 26 range from 8 to 50 
degrees with a step size of 0.016 degrees. The different scanning speeds 
were used for different samples, where longer time per scan is used for more 
accurate measurements. A schematic diagram of the diffractometer is 
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Fig. 2.13. Schematic diagram of the D5000 X-ray diffractometer. 
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2.5.3 High Resolution Powder Diffraction beamline 
The powder diffraction experiments described in this thesis were all 
performed using synchrotron radiation in the European Synchrotron 
Radiation Facility (ESRF), Grenoble, France. The ESRF operates the most 
powerful synchrotron radiation source in Europe, which can reveal variety of 
information in numerous fields of research, and thus, i t is important to 
understand the property of radiation source and the individual 
characteristics of each beamline and instruments used to carry out the 
measurements. 
i) Synchrotron X-ray radiation 
The synchrotron X-ray radiation of the ESRF is generated with high 
current, a low emittance electron beam and the use of long undulators allows 
a number of beamlines to be run with high flux. These electrons are 
emitted by an electron gun and then accelerated in a linear accelerator 
(linac) unt i l their energy reaches 200 MeV using pulsed electric fields. 
Then they are transferred to a circular accelerator (the synchrotron) to be 
accelerated to close to the speed of light generating the electron beam energy 
on 6 GeV, and these electrons are kept to travel in a storage ring of 844 m 
circumference by a series of magnets. The external magnets around the 
storage ring keep the electrons circulating, accelerating inwards, and also 
provide a focusing effect that groups the electron into bunches. This wi l l 
provide a maximum current of 200 mA, different possible frequencies, and a 
beam lifetime of ~50 hours. 
73 
The radiation produced in this way is extremely brilliant, achieving one 
thousand times more of the number of photons emitted per second, per unit 
source size, per unit space angle and for a bandwidth of 1/1000 of the photon 
energy compared with previous synchrotron sources. The other important 
radiation emitters are specially designed magnetic systems called insertion 
devices which are placed in the straight sections of the storage ring to 
generate X-ray beam with specific characteristics. These systems are 
consisted of two different types of insertion devices, wigglers and undulators, 
which are both made up of a succession of small magnets with alternating 
polarity. The wigglers cause sharper bends in the electron path so as to 
shift the wavelength distribution to higher energies and increase intensity, 
while the undulators create a series of small deviations such that the 
emissions produced at each turn are subject to interference from all other 
turns. This results in a radiation distribution that has an intense 
characteristic wavelength and harmonic related frequencies with reduced 
horizontal divergence of the beam. The insertion devices in the ESRF 
storage ring deliver X-ray beams to the scientific instruments on the 40 
different beamlines, where they can provide data sets that can reveal the 
structural properties of the material at different temperature, pressure, and 
various wavelengths allowing the determination of parts of the structural 
phase diagram. 
During this project, most of the X-ray powder diffraction data were 




ID31 is a beamline designed for powder diffraction studies with very 
high angular accuracy and energy resolution wi th fast data acquisition times. 
The beamline is built on an insertion device and operates in the energy range 
5-60 keV [17]. The diffraction patterns were measured using high incident 
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flux radiation in the range 0.3-0.9 A and operated in the simplest optical 
configuration using capillaries with diameter in the range 0.3-1.5 mm. 
The incident white X-ray radiation is first introduced into the beamline 
from the synchrotron ring in a horizontal fan measuring 4mrad, with a 
source size of 0.3 x 0.3 mm 2 . The radiation is then collimated vertically 
with a curved mirror that is specifically set at an angle relative to the 
incident beam to obtain the high resolution. The beam is then focused 
towards a double-crystal monochromator, of which the first crystal is 
water-cooled and the second crystal can optionally be bent to focus sagitally 
the horizontal fan onto the sample. A n horizontal focusing arrangement 
is adopted, i.e. the source-to-crystal distance is approximately equal to the 
crystal-to-sample distance, as this does not greatly perturb the vertical 
divergence of the beam, and hence maintains the well-collimated beam 
essential for high angular resolution. A second mirror follows after the 
monochromator to provide the option to focus the X-ray vertically onto the 
sample, gaining intensity at the expense of lower angular resolution, 
however, this option is rarely used on this beamline. 
The diffractometer is constructed from two high-precision, heavy-duty 
rotary tables aligned coaxially on a base plate. A bank of nine detectors 
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w i t h each preceded by a Ge ( i l l ) analyser crystal equally separated by ~2° 
intervals moves as a u n i t to collect nine h igh resolution d i f f rac t ion patterns 
i n paral lel . The diffractometer setup is such tha t the capil lary sample can 
be rotated on an independent spinner to achieve a better spatial average and 
reduce preferred orientat ion. Data are collected i n a continuous scanning 
mode, which eliminates the dead t ime of a conventional step scan. 
The combination of the nine-crystal analyser and the h igh qual i ty 
mechanical in tegr i ty of the diff ractometer results i n s ignif icant improvement 
i n the peak shape description and the precise def in i t ion of the peak position 
i n the d i f f rac t ion profi le . The beamline also allows experiments to be 
carried out under a wide range of conditions using, for example, 
liquid-helium-cooled cryostat can cool the sample inside the capil lary down 
to ~5 K or lower w i t h pumping, and using cryostream cold-nitrogen-gas 
blower the temperature can be var ied i n the range 80-500 K . 
The collected data f r o m the nine detectors are rebinned and normalised 
to give the equivalent normalised step scan. 
i i i ) ID09A 
To obtain a pressure of several mi l l i on atmospheres i n the laboratory 
and carry out the d i f f rac t ion analysis under such conditions require the large 
var ie ty of techniques, equipment, and beam characteristics. ID09A, also 
known as "white beam station", is equipped w i t h dedicated high-pressure 
facil i t ies, which provides both the h igh energy X-ray beams w i t h very small 
size, and low angular divergence and the technique to per form the d i f f rac t ion 
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studies at elevated pressures. 
The beamline is b u i l t on an in-vacuum U17 inser t ion device w i t h a 70 
m m period hybr id wiggler and two phased undulators on a high-6 section. 
The inser t ion devices close the magnetic gaps down to 16 m m and thus 
generate extremely br igh t beams of h igh energy radiat ion. The whi te 
radia t ion is vert ical ly focused by a spherical m i r ro r and horizontal ly by a 
bent Si ( i l l ) monochromator. The work ing energy for typical high-pressure 
experiments is between 25-40 keV w i t h a f l u x of 10 1 1 photons/s at 200 mA. 
The beam size on the sample can be varied as small as 10 x 10 p m 2 
depending on the size of the sample. 
The scattered radia t ion is collected w i t h a versatile high-precision 
three-circle diffractometer using angle-dispersive, energy-dispersive, and 
conical geometries. Two-dimensional images of Debye-Scherrer cones are 
recorded on phosphor Molecular Dynamics image plates. 
I n high-pressure experiments, the sample is loaded i n a diamond anvi l 
cell (DAC) [18]. The DAC consists of two opposed diamond anvils w i t h f u l l 
paral lel surfaces between which the sample is compressed as the diamond 
surface are dr iven together. A n a l u m i n i u m gasket w i t h a hole between 
70-300 p m is used to keep the sample i n position. The sample is loaded i n 
the centre of the diamond anv i l along w i t h ruby particles and the pressure 
medium, typical ly silicone oi l , argon, or nitrogen. The pressure can be 
measured w i t h the ruby fluorescene technique, where the pressure is 






where Bo = 1904 GPa, B'= 7.665 and A.o is a func t ion of the ruby qual i ty and 
is calibrated at beginning of each experiment (usually ~694 nm). The 
sample can be pressurised f r o m atmospheric pressure up to 40 GPa using 
several membrane-type diamond anv i l . This beamline is also equipped w i t h 
a cryostat to per form high-pressure experiments at low temperature down to 
50 K , and external resistive heat ing equipment for h igh temperatures up to 
600 K . 
The obtained 2D di f f rac t ion images are collected for spatial distortions 
of the Debye-Scherer rings are treated using the software package F IT2D 
[20]. The F IT2D program allow to f i x the centre of the 2D pat tern by f i t t i n g 
circles to a chosen number of rings af ter def in ing the sample-to-detector 
distance, the t i l t axis and angle, and wavelength used, then mask unwanted 
features and integrate around the r ings to obtain the I D pat tern. A 
standard sil icon cal ibrat ion is performed to ref ine the wavelength, 
sample-to-detector distance and t i l t s of the image plate. 
2.6 Rietveld Method 
X-ray Powder d i f f rac t ion profiles obtained f r o m synchrotron radiat ion 
experiments provides vast amount of in fo rmat ion for ident i f ica t ion and 
characterisation of materials. For example, lat t ice constants, un i t cell 
volume, atomic coordinates, f rac t ional occupancies, temperature factors can 
be determined f r o m the peak positions and the peak intensities, and 
s t ruc tura l disorder can be obtained f r o m peak profiles. However, u n t i l 
recently, for complex structures w i t h lower symmetry, the X-ray powder 
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di f f rac t ion data were not suitable for determining crysta l s tructure. This 
was due to the d i f f i cu l ty of decomposing the pat tern in to i ts Bragg reflections 
accurately f r o m the patterns consisted of severe peak overlap. To par t ia l ly 
solve this peak overlap problem, the Rietveld ref inement method was 
developed by Dr. Rietveld between 1964 and 1969 [21]. This method was 
i n i t i a l l y developed for neutron d i f f rac t ion , which was then extended i ts 
application to X-ray powder d i f f rac t ion data to allow the m a x i m u m amount 
of in fo rmat ion to be extracted f r o m the pat tern. 
A l i m i t a t i o n of this method is tha t the ref inement must be started w i t h 
a model that is reasonable approximation of the actual structure, as i t is 
p r i m a r i l y a structure refinement. This implies tha t unless the mater ia l 
possess the structure w i t h h igh symmetry, i t is d i f f i c u l t to determine the 
crystal structure of unknown materials. However, by conceiving a s tar t ing 
model by using, for example, analogy to s imi lar structures, direct methods, 
or high-resolution transmission electron microscope images, Rietveld 
refinements can yie ld very precise and accurate uni t -cel l parameters. 
Rietveld refinements are also wel l suited for s tudying phase t ransformat ion, 
heat ing or cooling experiments, and pressure studies. 
2.6.1 Calculating peak intensity 
The Rietveld method is an optimised method tha t compares the 
observed data points at each 29 and the calculated powder d i f f rac t ion 
pa t te rn based on adjustment of the s t ruc tura l parameters, background 
coefficients, and profi le parameters using a non-linear least-squares f i t t i n g 
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u n t i l the calculated powder profi le best matches the observed pat tern. I n 
the ref inement procedure, i t is not required to separate the data into a set of 
integrated intensities for i nd iv idua l Bragg peaks, as was i n the p ro f i l e - f i t t i ng 
procedure, but employs the entire powder d i f f rac t ion patter to overcome the 
problem of peak overlap. Instead, the intensi ty is treated as a sum of the 
contributions of overlapping reflections at each point of the d i f f rac t ion 
pat tern, where the number of overlapping reflections at point i i n the 
d i f f r ac t ion pat tern is determined f r o m the peak positions, 20k, and 
corresponding widths , Hk, and hence, the in tensi ty y i can be calculated using 
fo l lowing equation: 
yic =yib +sSRAAsD E mk\FKF PkLk<S>k(A2Qik) (Eqn. 2 .2l ) 
k 
where 
ytb = background intensity, 
s = scale factor, 
Sr = surface roughness correction factor, 
A = transmission coefficient, 
As = asymmetry correction factor, 
D = polarisation factors, 
mk = mu l t i p l i c i t y factor, 
Fk = structure factor 
Pk = preferred or ientat ion correction, 
Lk = Lorentz factor, 
O k(A26ik) = <J>k(29i - 26k) = profi le funct ion. 
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D u r i n g the Rietveld refinement, the least-squares procedure is 
employed to minimise the difference between the observed d i f f rac t ion 
pat tern in tensi ty yio and the calculated d i f f rac t ion pat tern in tensi ty yic for a l l 
i steps which results i n min imis ing the funct ion: 
M=Iiwi(yio-yic)1 (Eqn. 2.22) 
where the summation is over a l l points i n the pat tern and co; is a stat ist ical 
weight ing factor, which takes the f o r m : 
w = — (Eqn. 2.23) 
y'io 
where y'io is the to ta l intensity, which is sum of the observed intensity, y^, 
and the background intensity, yib, at position 20i. 
2.6.2 Background determination 
As mentioned i n previous section, the total observed in tens i ty at each 
step i i n a d i f f rac t ion profi le is consisted of contributions f r o m Bragg 
reflections and the background at tha t step, y'io =yio + y j b - The background 
can arise f r o m several factors, including fluorescence f r o m the mater ia l , 
detector noise, the rmal diffuse scattering f r o m the mater ia l , disordered or 
amorphous phases i n the mater ia l , incoherent scattering as wel l as 
scattering of X-rays f r o m air, diffractometer slits, and sample holder. For 
the materials which provide relat ively simple patterns tha t have several, 
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well-spaced intervals between Bragg peaks, the background intensities can 
be measured accurately. I n this case, the most s t ra igh t forward approach is 
to select several points i n the pat tern tha t are away f r o m Bragg peaks and 
then model the background by l inear in terpolat ion between these points. 
For more complex d i f f r ac t ion patterns, the background coefficients must be 
included as variables i n the refinements, which can be represented by a 
polynomial func t ion of the fo rm: 
j ^ E A W ( E ( i n - 2 - 2 4 ) 
where b n are refinable background parameters and 28i is expressed i n 
radians. The background can be ref ined even for complex patterns i f the 
peak shape is we l l defined, however, i f the pat tern is poorly resolved, the 
background parameters tend to correlate w i t h other parameters, par t icular ly 
temperature factors. This can result i n systematic underestimates of the 
standard deviations of these other parameters i f the background is not 
included i n the refinement. 
2.6.3 Determining peak shape 
I n theory, X-ray powder d i f f rac t ion pat tern is a projection of the 
weighted crystal reciprocal lattice, where the integrated intensities as 
dis t r ibuted by a peak shape func t ion . However, i n practice, the observed 
pat tern can be affected by convolution of many factors such as the 
characteristics of the mater ia l and the data collection geometry. For 
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instance, the intensit ies can be affected by factors such as absorption, 
extinction, and preferred or ientat ion of particle i n the sample, whereas, the 
peak shape can be affected by, for example, misal ignment of the 
diffractometer, axial divergence of the X-ray beam, displacement of the 
material , and transparency of mater ia l . As a result, the peak shape 
deviates f r o m simple the Gaussian or Lorentzian functions, thus more 
complex peak shape func t ion is required to f i t the i r profiles accurately. 
For constant wavelength X-ray d i f f rac t ion , Young and Wiles proposed a 
combined Gaussian and Lorentz ian peak shape func t ion known as the 
pseudo-Voigt as most appropriate and now widely used func t ion for 
describing complex profiles [22]. The pseudo-Voigt func t ion , <J>k(29t - 26k), is 
the normalised addi t ion of 28-dependent Gaussian (G) and Lorentzian (L) 
peaks [23]: 
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where q is the mix ing parameter, which defines the shape of the peak 
between the l i m i t i n g Gaussian (when r\ = 0) and Lorentzian (when r\ = l ) 
forms, and H is the f u l l w i d t h at ha l f of the max imum peak height ( F W H M ) . 
Here, r j and H are known as a p r imary profi le parameter (PPP). The 
F W H M of the Gaussian, HG, and the Lorentzian, H L , components of the peak 
profi le have an angular dependence [24] which is given by: 
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where U , V, W, X, and Y are known as secondary profi le parameter (SPP). 
The normal procedure i n a Rietveld ref inement is to define the peak shape 
through the ref inement of the SPP i n the equations 2.28 and 2.29, not the 
I t is impor tan t to note t ha t the basic pseudo-Voigt func t ion is 
symmetr ical about the nomina l Bragg peak positions, however, obtained 
profiles, especially at the lower d i f f rac t ion angle, the peak shape is not 
symmetric due a var iety of ins t rumenta l and sample effects. The 
fundamenta l cause of the asymmetry is usually the axial divergence of the 
X-ray beam, which most Rietveld ref inement programs include as a variable 
semiempirical asymmetry correction te rm. The one approach to model this 
asymmetry w i t h fo rmal i sm based on the optics of the diffractometer, which 
involves three parameters: the distance between the sample and the detector, 
L , the horizontal w i d t h of the detector sli t , 2H, and the horizontal size of the 
beam on the sample, 2S [25-27]. For the case of GSAS suite for Rietveld 
refinements (PC version), two refinable parameters, S/L and H/L , have been 
incorporates in to profi le func t ion [28]. Both S/L and H / L have to be ref ined 
to take addit ional effects in to account i n this formal i sm, such as sample 
dependent peak broadening. However, as this factor is only concerned w i t h 
the axial divergence, i n some cases the qual i ty of f i t t i n g i n lower d i f f rac t ion 
angles might not be improved. I f this was the case, the low angle peaks 
can be excluded and use only higher angle data to improve the f i t t i n g . 
PPP 
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I n some cases, the peak shape can also be affected by the specimen 
characteristics. I n this case, usually, two more coefficients, stec and ptec, 
have to be taken into account for the precise description of the peak shape. 
The stec is an anisotropy coefficient involved i n the Lorentz ian Scherrer 
broadening of the peaks whi le the ptec, which is also an anisotropy 
coefficient but involved i n the s t ra in broadening effects. 
2.6.4 The reliability of Rietveld refinement 
After , or even dur ing , the Rietveld ref inement of a par t icular s t ruc tura l 
model, the agreement between observed and calculated profi le is judged by 
careful examinat ion of the R-factors, which are l is ted below: 
Weighted Profile R-Factor: 
Profile R-Factor: 
Integrated Intensity R-Factor: 
RP = 
Z/^K -y*\ 
Z; y io 
/ ••. \yio yici 
y io 
y / 
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where N is the number of observations, P is the number of parameters 
ref ined, and C is the number of constraints applied to the model. The 
experimental points i n excluded regions are always excluded f r o m the 
calculation of a l l agreement factors. 
One of the mathematical ly more meaningfu l i?-factors tha t best reflect 
how wel l the ref inement is proceeding is the weighted profile, B^p, i?-factor 
tha t reflects how wel l the s t ruc tura l ref inement accounts for both large and 
smal l Bragg peaks across the pat tern. The other reliable factors are: the 
profile, Rp, i?-factor, which is not weighted, the Bragg 1 Integrated Intensity, 
B\, J?-factor, which is closest to those used i n single crystal work, and the 
expected, Bexp, ./^factor tha t takes into account the stat is t ical qual i ty of the 
data and the number of variables used i n the ref inement . However, as the 
denominator for both BwP and Bp are defined as the sum of observed 
intensities of the patterns, the i r values are strongly affected by the 
d i f f rac t ion intensities and the background intensities, and thus, use the 
value of S, the goodness-of-fit indicator, or the reduced x 2 factor to monitor i f 
the agreement between observed and calculated profiles is satisfactory. 
When a value of y} = 1 the f i t is perfect, when y} < 1 is an indicat ion tha t 
there are more parameters i n the model than jus t i f i ed by the qual i ty of the 
data, and i f %2 < 1.3, the f i t is said to be satisfactory. 
2.6.5 LeBa i l method 
The basic requirements for any Rietveld ref inement for s t ruc tura l 
determinat ion f r o m a d i f f rac t ion profi le are : an indexing of Bragg peaks, a 
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s tar t ing model t ha t is reasonably close to the actual crystal structure, and a 
model tha t accurately describes shapes, widths and any systematic errors i n 
the positions of the Bragg peaks i n the powder pat tern. 
The two prototype approaches for powder-pattern decomposition 
methods are the Pawley technique [29] and the LeBai l a lgor i thm [30] which 
analyses the whole d i f f rac t ion profi le wi thou t using any s t ruc tura l model. 
These methods are useful to approximate the set of lattice constants and the 
cell symmetry i f an i n i t i a l model for the mater ia l is not known. Pawley's 
approach involves a least-square f i t t i n g of the d i f f rac t ion by adjus t ing the 
background parameters, cell parameters, peak-shape parameters and 
integrated intensities. I n the LeBai l method, which was used for the 
analysis of a l l the data presented i n this thesis, no s t ruc tura l in fo rmat ion is 
required, except approximation u n i t cell and resolution parameters. The 
calculated intensi ty yic at every point i of the profi le is given by the equation: 
yle=Bi+I, Ik-aik (Eqn. 2.36) 
where Bi is the background intensi ty at point i, Qtk is the peak shape, and Ik 
is the integrated intensi ty of l ine k at point i. The calculated intensities, 
here, are i n i t i a l l y assigned a rb i t r a r i l y to a l l peaks i n the d i f f rac t ion pat tern 
and then by a least-squares minimisa t ion , the f i r s t set of integrated 
intensities is extracted. This procedure is used i n order to determine the 
correct un i t cell size, symmetry, and peak shape func t ion wi thou t providing 
any s t ruc tura l in format ion , which can then be directly imported i n the 
Rietveld method. The drawback for the both Pawley technique and the 
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LeBa i l method are tha t none of the two methods are not eff icient enough to 
provide reliable results i n the case of severe peak overlap i n the d i f f rac t ion 
prof i le . 
2.7 X-ray Absorption Spectroscopy 
Recent development i n the intense synchrotron X-ray sources, X-ray 
absorption spectroscopy (XAS) became very impor tan t and widely used 
technique. The in fo rma t ion which can be obtained f r o m XAS depends on 
how X-rays are absorbed by an atom at energies near and above the core-
level b inding energies of tha t atom. More specifically, XAS spectra are 
sensitive to the fo rma l oxidation state, coordination chemistry, and the 
distance, coordination number and species of the atoms surrounding the 
selected element. Thus, XAS can provide a practical way to determine the 
chemical and physical state of the selected atom. 
2.7.1 Total Fluorescence Yield 
The in fo rmat ion which can be obtained f r o m XAS includes detailed 
local atomic structure and electronic and v ibra t ional properties of the 
mater ia l . XAS measures the absorption of X-rays as a func t ion of X-ray 
energy, E- ha, where the X-ray absorption coefficient is determined f r o m the 
decay i n the X-ray beam intensi ty / w i t h distance x (Fig. 2.14). I n th is 
process, X-ray photon is absorbed by an electron i n a t i gh t ly bound quantum 
core level, such as the I s or 2p level, of an atom. When the incident X-ray 
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w i t h the energy larger t han tha t of the b inding energy of the electron, the 
bound electron w i l l be perturbed f r o m the well-defined quan tum state and 
the atom is said to be i n an excited state w i t h one of the core electron levels 
l e f t empty. Since every atom has core-level electrons w i t h well-defined 
b inding energies, appropriate selection of the element is possible by t un ing 







Fig. 2.14. Schematic diagram of how is the X-ray t ransmi t ted through the 
sample. 
Inside the absorbing mater ia l (of to ta l depth x), the intensi ty i, and 
there is a loss of in tensi ty d / i n each in f in i t e s imal slab of the mater ia l dx. 
A f t e r the X-ray has traversed a distance x in to the slab, the intensi ty has 
been reduced to : 
/ = I0e-»l (Eqn. 2.37) 
where lo is the intensi ty of the incoming X-ray beam having a cross-sectional 
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I f the absorption coefficient is plot ted as a func t ion of E, the 
experimental data show three dist inctive energy regions^ l ) a sharp rise at 
certain energies called edge region, 2) the region jus t above the edge position 
known as the X-ray absorption near-edge structure, X A N E S (typically lies 
w i t h i n 30 eV of the edge position), and 3) the region beyond XANES, which 
are referred to as extended X-ray absorption f ine structure, EXAFS. These 
regions above the edges show an oscillatory structure i n the X-ray absorption 
coefficient t ha t modulate the absorption, where this feature is known as 
X-ray absorption f ine structure (XAFS), which indicates the sum of X A N E S 
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Fig. 2.15. The X-ray absorption spectrum w i t h X A N E S and EXAFS regions 
ident i f ied. 
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The f i r s t region, absorption edge region, is related to a specific atom 
present i n the mater ia l and to an ionisation of the core orbi ta l . For example, 
K edges refer to t ransi t ions tha t excite the innermost I s electron to 
unoccupied states, which leaves behind a core hole. The resul t ing excited 
electron is of ten referred to as a photoelectron. The ionisation energies, 
thus energies of the edges, are unique to the type of atom tha t absorbs the 
X-ray, and hence themselves are signatures of the atomic species present i n a 
mater ia l [31]. Fol lowing an absorption event, the decay of the excited 
atomic state is observed, i n which a higher energy electron f i l l s the deeper 
core hole resul t ing i n an ejection of X-ray, also known as X-ray fluorescence. 
The fluorescence energies emi t ted i n this way are also unique and can be 
used to iden t i fy the atoms i n a system. This is also known as the to ta l 
fluorescence yield X-ray absorption (TFY-XAS) spectra. 
The XAFS spectrum % is defined as the normalised oscillatory part of 
the X-ray absorption above a given absorption edge as given by : 
z{E)=[M(E)-Mo(E)) (Eqn. 2.39) 
4"o 
where /JO(E) is the smoothly vary ing atomic-like background absorption of an 
embedded atom i n the absence of neighbouring scatterers, and is a 
normalisat ion factor tha t arises f r o m the net increase i n the total atomic 
background absorption at the edge, which, i n practice, can be approximated 
by the magnitude of the j u m p i n absorption at the edge (edge-jump 
normalisation). The generally weak oscillatory structure beyond about 30 
eV above the absorption edge, EXAFS region, is used to determine the 
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distances, coordination number, and species of the neighbours of the 
absorbing atom, whi le the X A N E S region is strongly sensitive to fo rmal 
oxidat ion state and coordination chemistry of the absorbing atom. For the 
EXAFS, a quant i ta t ive parametr isat ion is now established based on a single 
scattering short range order theory and is best understood i n terms of the 
wave behaviour of the photoelectron created i n the absorption process. 
Thus, i t is common to define %{k) rather than o n a n absolute energy 
scale, where k is the wave number of the photoelectron, leading to the 
standard EXAFS equation [32]: 
x { k ) = YslN)-^$-sm{2kR + 28c + <&)exp(-2R/Z(k))exp(-2cj2k2) (Eqn.2.40) 
where f ( k ) is the backscattering ampli tude, 8c is phase shi f t , X(k) is the 
energy dependent mean free path, <J> is the phase factor, andS 0 2 is the overall 
ampli tude factor. The structure parameters, R, the interatomic distances, 
NR, the coordination number, and o, the bond length which also include 
effects due to s t ruc tura l disorder, can be determined by knowing the 
scattering ampli tude and phase shi f t . The exponential terms, exp(-2R/X) is 
the decay of the wave due to the mean free pa th of the photoelectron, and 
exp(-2o2k2) is the Debye-Waller factor. 
The representation of EXAFS given by Eqn. 2.40 provide a convenient 
parametrisat ion for f i t t i n g the local atomic structure around the absorbing 
atom to the experimental EXAFS data, thus allows the determination of the 
local structure of each ind iv idua l atomic species. 
I n contrast, the XANES por t ion of the spectrum is considerably harder 
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to f u l l y in te rpre t than EXAFS. The EXAFS equation breaks down at low-£, 
due to the Ilk t e rm and the increase i n the mean-free-path at very low-.&, 
which makes precise and accurate calculations of X A N E S spectral features 
d i f f i cu l t , t ime-consuming, and not always reliable. Even though there is not 
a useful X A N E S equation available, there is much chemical in fo rmat ion 
f r o m the X A N E S region. The X A N E S spectra can be divided into three 
regions, namely, pre-edge, edge, and post-edge. The f i r s t feature is caused 
by electronic t ransi t ions to empty bound states, which gives in fo rmat ion on 
local geometry around absorbing atom and shows dependence on oxidation 
state and bonding characteristics. I n the edge region, the position and 
shape of the edge provide in format ion on valence state, l igand type, and 
coordination environment. The t h i r d feature is dominated by mul t ip le 
scattering resonances of the photoelectrons ejected at low kinetic energy, 
which can give in format ion about atomic posit ion of neighbours: interatomic 
distances and bond angles. These interpretat ions can be used as a 
f inge rp r in t to ident i fy phases. A n impor tan t and common application of 
X A N E S is to use the height and sh i f t of the edge region to determine the 
valence state of the compounds. W i t h good model spectra, the rat io of 
di f ferent valence states can be determined w i t h very good precision and 
rel iabi l i ty. 
2.7.2 Partial Fluorescence Yield 
X A N E S spectroscopy is a useful and powerfu l technique to understand 
the property of metal complex i n various forms, such as crystall ine or i n 
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solutions. However, these spectroscopic measurements become extremely 
d i f f i c u l t i n some cases, for instance, invest igation of intermediate valence 
compounds under various temperature and/or pressure. This is due to the 
energy broadening or ig ina t ing f r o m the short l i f e t ime of the deep core hole, 
resul t ing i n poor energy resolution and prevent ing detailed analysis of the 
intermediate valence behaviour. Whi le i n the case of h igh pressure 
measurements, the problem arise f r o m technical point of view, i n which the 
strong in tensi ty losses through the pressure cell mak ing the X A N E S 
measurements under applied pressure less at tractive. 
Breakthrough to the l i m i t a t i o n of the in t r ins i tc l i f e t ime broadening 
have been made by using the now available synchrotron radia t ion fluxes to 
integrate the photons f r o m the fluorescent radiat ive decay f r o m TFY-XAS 
f i n a l state as a func t ion of incident energy, which is known as the par t i a l 
fluorescence yie ld (PFY-XAS) measurements [33]. The overall broadening 
due to the f in i t e l i fe t ime of core hole is less seen i n the spectral features 
obtained f r o m PFY mode, which can reveal f ine details t ha t was lost i n the 
T F Y mode [34]. 
I n the case of intermediate valence rare-earth based compounds, the 
excitation at the Li edge involves the per turbat ion of a 2p core electron, w i t h 
excitation energy tha t is much larger than the core electron b inding energy, 
p r i m a r i l y into unoccupied 5dstates. I n the intermediate state, two features 
corresponding to the transit ions 4 / states, which are par t i a l ly spl i t by the 
strong Coulomb interact ion energy between the 2p core hole, providing a 
direct measure of the average rare-earth valence i n the compound. I n the 
de-excitation phase, the 2p hole is filled by a 3 of core electron, where the 
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emit ted photons (i.e. the fluorescence energy hvo) are recorded as func t ion of 
Avin. The improved resolution f r o m the PFY-XAS spectral features are 
sharp enough to estimate the average valence state of the R E ion as a 
func t ion of temperature. 
Recently, resonant inelastic X-ray scattering (RIXS) has been 
developed and became useful technique to obtain l ifetime-broadening-
suppressed spectra for the complex intermediate valence behaviour and 
valence changes dr iven by temperature and pressure. One of the 
advantages of RIXS is i ts bu lk sensitivity, mak ing i t applicable to the study 
of samples even when they are i n the h igh pressure cells. The difference 
between RIXS and a normal fluorescence X-ray emission process is t ha t the 
core electron is resonantly excited at the absorption threshold [35]. The 
RIXS experiment involves, s imilar to the energy analysis of the PFY-XAS, 
resonant excitat ion of the 2p electrons followed by the decay of 3d levels, 
where the emit ted photons (Avout) are scanned at f ixed Avin. RIXS spectra 
are measured for each value of Avin to obtain bi-dimensional energy 
d is t r ibut ion over a broad (JiVm, Av0ut) parameter space and plotted as a 
func t ion of the t ransferred energy, A V T = hvm - Av o ut- The signal f r o m R E 2 + 
and R E 3 + configurations are selectively and resonantly enhanced as 
excitation energy approaches the threshold energy and their contributions 
appears i n the emit ted spectrum at constant t ransferred energy [36]. The 
max imum intensi ty occurs i n correspondence w i t h each feature observed i n 
the XAS spectrum and thus the integrated fluorescent intensi ty can closely 
reproduces the XAS profi le . 
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2.7.3 X A S using Synchrotron radiation 
X-ray absorption measurements were performed using a synchrotron 
radia t ion at ESRF, where an intense and energy-tunable source of X-ray is 
available. These measurements were carried out at BM29 and I D 16 
beamlines, which was designed to perform experiments i n the area of 
conventional X-ray absorption spectroscopy. 
i ) B M 2 9 
BM29 is the general purpose XAS beamline operates on the in t r ins ic 
properties of the ESRF synchrotron, as described i n previous section, coupled 
w i t h a bending magnet source and the h igh qual i ty performance of the 
beamline's principle optical element, monochromator. This beamline can 
provide a very large operational energy range, 4 keV to 74 keV, w i t h 
reasonable X-ray f l u x and h igh energy resolution at any K or L absorption 
edge. The standard ESRF p r imary slits are used to define the white-beam 
profi le tha t is incident on the monochromator crystals, which are set to 
provide a typical beam profi le of 10 m m to 20 m m i n the horizontal plane and 
0.2 m m to 1mm i n the ver t ical plane. The p r imary slits vert ical aperture is 
a par t icular ly impor tan t parameter, as i t largely defines the energy 
resolution of the ins t rument for a given set of monochromator crystals. 
The monochromator is composed of a double crystal having a choice of 
S i ( l l l ) , Si(220), Si(31l) and Si(51l) crystal pairs, depending upon the 
requirements of user for X-ray f l u x and operational energy range. The 
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principle pairs of crystals used are S i ( l l l ) and Si(31l) , which have 
corresponding operational energy ranges of 4.5 keV to 24 keV and 5 keV to 
50 keV, respectively, whi le use of Si(51l) crystals allow operational energy 
range of 10 keV to 74 keV. The operating geometry is i n the ver t ical plane 
w i t h the f i r s t crystal mounted so as to be able to rotate and translate along a 
mechanical cam, and direct ing the Bragg reflected beam upwards, whi le the 
second crystal is free to rotate about a single axis, and thus i n combination 
w i t h the t rans la t ion and ro ta t ion of the f i r s t crystal, Bragg di f f racts the 
beam through a f ixed exit point. 
BM29 provides various types of beam intensi ty monitor for d i f ferent 
purpose of experiments and d i f ferent type of measurements, for example, 
photodiodes for transmission experiments or fluorescene not requ i r ing 
energy resolution, N a l scint i l la tor detector for combined XRD, Total electron 
yie ld detection i n the cryostat, Gas f i l l ed position sensitive detector, and so 
on. Using Ionisat ion chambers, detection efficiency is controlled by the gas 
species, gas pressure, and applied voltage of the chamber. The beamline is 
also equipped w i t h a cryostat to allow the measurements for temperature 
dependence of X-ray absorption spectroscopy to be carried out. 
ii) ID16 
I D 16 is an undulator beamline dedicated to h igh resolution inelastic 
X-ray scattering (IXS), which allows the energy and the momentum transfer 
to be controlled i n wide regions. I n this beamline, the incident photon 
energy can be varied between 5 and 21 keV. Mainly, two di f ferent type of 
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experimental method is offered depending on the incoming photon energy 
used; resonant IXS (RIXS), i f the energy is close to an absorption edge, or 
non-resonant IXS, i f the energy is away f r o m any absorption edge. 
Radiat ion f r o m the undula tor source is pre-monochromatized by a 
cryogenically cooled S i ( l l l ) double crystal monochromator, which then 
impinges on another silicon. One of the key element of th is beamline is this , 
so called, backscattering geometry tha t can provide an X-ray beam w i t h 
sub-meV energy resolution by using a ut i l ized Siinnn) reflection as a 
backscattering monochromator [37]. The scattered photons by the sample 
was analysed by a Rowland spherical spectrometer, which is equipped w i t h a 
spherically bent silicon crystal having the same reflection as the 
monochromator. This spherical perfect crystal spectrometer, which was 
constructed at ESRF by gluing around 7500 silicon crystal cubes, also plays 
impor tan t role to keep the h igh energy resolution. The beamline is also 
equipped by the cryostat, oven, and h igh pressure cell, which can allow the 
measurements to carry out under var iety of conditions. Temperature can be 
varied between 2.8 K and 350 K using cryostat, and f r o m room temperature 
to 1700 K using oven. Pressure can be increased to a max imum of 400 kbar 
using a diamond anvi l cell, and temperature can also var ied at the same t ime 
by combining the cell w i t h cryostat between 25 K and 350 K . 
These set-ups allow us to per form two dif ferent types of measurements : 
high-resolution XAS i n the pa r t i a l fluorescence yield (PFY-XAS) mode and 
resonant inelastic X-ray scattering (RIXS) measurements as a func t ion of 
temperature between 4 and 300 K. 
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Mixed Valence transitions in 





Intercala t ion of solid Ceo w i t h electron donors, such as the a lka l i , 
alkaline-earth and rare-earth metals can results i n a various intercalated 
fu l ler ide salts w i t h stoichiometries MxC6o, where the dopant level, A - can be as 
low as 1 or as h igh as 12. This is due to the h igh electron a f f i n i t y of the Ceo 
molecule and the weak intermolecular van der Waals forces i n its crystal l ine 
fo rm. The results f r o m intense efforts on these intercalated ful ler ides 
revealed tha t by changing the size and nature of the dopants affects 
sensitively the s t ruc tura l and electronic properties of the materials [ l - 3 ] . 
One of the most wel l k n o w n examples of this has been seen w i t h a lkal i -metal 
doped ful ler ides of stoichiometry A3C60 (and A2A'C6o, A, A' = alkali-metal) , at 
which these salts become superconducting f r o m the i r metallic state at cr i t ical 
temperatures, Tc, as h igh as 33 K at ambient pressure [4, 5] and at 38 K 
under the applied pressure [6]. Exper imental ly derived relat ionship between 
interful lerened spacing and Tc i n A3C6O indicated that the superconducting 
t rans i t ion temperatures can be controlled by the ion occupying the 
tetrahedral sites, Ta [7]. I n the case of alkaline-earth-metal doped ful lerides, 
which exhibi t a hybr idisa t ion between alkaline-earth and C orbitals affect ing 
their electronic properties and leads to metallic and superconducting 
compositions for various levels of band f i l l i n g [8-10]. 
The int roduct ion of the rare-earth-metal i n the C60 lat t ice can offer wide 
range of possibilities tha t could result i n the interest ing electronic and 
magnetic behaviour. The chemistry of the rare-earth elements is typical ly 
dominated by the +3 oxidation state. However, for certain rare-earth 
elements such as Sm, E u and Yb, the valence state can vary between 
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energetically close R E 2 + and R E 3 + electronic configurations. As a result, such 
rare-earth based compounds may exhibit the phenomenon of mixed (or 
intermediate) valence, which can be quantified by the number of 4 / holes, iih 
in the R E 2 + electronic configuration as n - 2 + ith (0 < m < l ) . This situation 
has been encountered in solids like SmS, SmB6, and YbBi2 in which the 
ground state electronic configuration has been interpreted in terms of the 
valence fluctuation model [11-13]. In this model, two different valence states, 
namely +3 and +2, of the rare-earth element coexist in the system and the 4 / n 
and 4/ n" 15d 1 configurations, which lie close to the Fermi level, EF, are nearly 
degenerate. The existence of the mixed valence state has been observed using 
various techniques, such as magnetic susceptibility [14], Mossbauer 
spectroscopy [15], and Z^-edge X-ray absorption measurements [16]. 
The study of mixed valence compounds such as SmS using powder 
X-ray diffraction techniques under high pressure at room temperature was 
first reported by Jayaraman et al. [ l l ] . It was shown that with increasing 
pressure, a discontinuous 4 / —> 5delectron derealization accompanied by an 
abrupt decrease in volume ihV/V ~ 16%) occurred at -6.5 kbar. This 
first-order pressure-induced valence transition without a change in crystal 
structure was attributed to the electronic transition of the Sm ion from S m 2 + 
(4/ 6 ) to S m 3 + (4pbdS) and is consistent with the size of the ionic radii CK4/ 6 ) > 
/ ^ / ^ d 1 ) ) . Furthermore, complementary resistivity data under pressure also 
showed an abrupt decrease in resistance at 6.5 kbar reflecting the 
pressure-induced semiconductor-to-metal transition due the strong 
hybridisation between the localised 4 / and the conduction 5d electrons. Soon 
afterwards, it was shown that the Sm valence change in SmS can be brought 
to ambient pressure in ternary sulfides such as Smi- X Y X S these were 
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shown to undergo an abrupt decrease i n the lat t ice parameters on cooling at 
atmospheric pressure. This suggests tha t the hybr id isa t ion strength between 
the 4 / and 5cforbitals can be tuned both by the application of pressure and by 
chemical subst i tut ion. 
More recent studies i n this f i e l d revealed tha t the mixed valence can 
also arise f r o m the simultaneous presence of electronically active cation and 
anion sublattices where the anion sublattice can act as an electron reservoir 
which can accept electrons f r o m or donate electrons to the rare-earth 4 / 
bands w i t h changes i n external s t imu l i , such as pressure and temperature. 
For instance, the YbGai+ x Gei- x in termetal l ic exhibits both continuous and 
abrupt temperature-induced Y b ( 2 + e ) + —*• Y b 2 + valence changes. Single- crystal 
X-ray d i f f rac t ion data for YbGaGe shows an overall zero the rmal expansion 
(ZTE) between 100 and 400 K, as a result of a temperature-induced 
continuous valence t rans i t ion f r o m Y b 2 + towards the smaller Y b 3 + on heating 
[18]. I n addit ion, high-resolution synchrotron powder X-ray d i f f rac t ion data 
on the Ga-rich composition, YbGa1.05Geo.95, showed tha t i t exhibits positive 
the rmal expansion between 723 and 15 K, but f u r t h e r cooling to 5 K resulted 
i n an abrupt isosymmetric phase t rans i t ion which was accompanied by a 
large volume increase, known as negative the rmal expansion (NTE) [19]. 
This was interpreted as resul t ing f r o m the sudden change i n valence state of 
Yb ion f r o m Y b 3 + towards the larger Y b 2 + . The temperature-induced valence 
transit ions observed i n both cases are controlled by the spi l l ing over of the Ga 
4p electronic density into the Yb 4 / band. 
When the f ami ly of rare-earth ful ler ides are considered, the avai labi l i ty 
of the narrow Ceo t i u band w i t h i ts strongly correlated character i n close 
proximi ty to the rare-earth 4 / and 5d bands offers par t icular ly in t r igu ing 
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possibilities of novel electronic behaviour when compared with the other 
known mixed valence solids described above. In fact, Sm2.7sC6o displays both 
temperature- and pressure-induced valence transitions accompanied by 
isosymmetric lattice responses - NTE and lattice collapse, respectively. 
Sm2.75C60 showed NTE at low temperatures without accompanying change in 
crystal symmetry! an overall volume decrease of 0.84% occurs on heating 
between 4.2 and 32 K [20]. The sign of the thermal expansivity then changes 
and the lattice expands on heating to 295 K, but still not by large enough to 
produce a cell volume at room temperature comparable to that at 4.2 K. The 
pressure-response of Sm2.7sC60 is also intriguing. Upon pressurisation, the 
unit cell volume contracts monotonically to 3.95 GPa. However, above this 
pressure, a sudden increase in the volume contraction rate was observed, 
resulting in a ~6.8% volume collapse which is accompanied by an 
insulator-to-metal transition. The transformation is complete and the 
contraction rate becomes much smaller with further increase in pressure. 
This transformation is found to be both reversible and to be characterised by 
a large hysteresis as the original low-pressure phase does not recover until a 
pressure well below 3.45 GPa is reached [2l]. 
An estimate of the average Sm valence at ambient pressure was 
obtained from variable temperature magnetic susceptibility measurements. 
The room temperature value of the magnetic susceptibility of Sm2.75C6o can 
be calculated from a linear combination of the free Sm 2 + and Sm 3 + ion 
contributions, giving a value of the average Sm valence approximately equal 
to +2.2-2.3. This value directly corresponds to full occupation of the LUMO 
tiu band of the Ceo and a formal charge of -6 for the fulleride sublattice. The 
behaviour of Sm2.75C6o with changing external stimuli can be rationalised in 
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the same manner as in the other mixed valence compounds mentioned above. 
The temperature and pressure evolution of the lattice size is directly related 
to a temperature- and pressure-induced valence transition where the average 
Sm oxidation state approaches +2 upon cooling below a critical temperature 
and increases towards +3 above a critical pressure, respectively. 
In order to search for additional examples of mixed valence rare-earth 
fullerides, the effect of Eu, Tm, Yb, and Ca substitution for Sm in Sm2.7sC6o, 
as well as the effect of temperature and pressure on the properties of these 
compounds have been investigated. The choice of the substituent was made 
by the following considerations: the energy difference between the divalent 
and trivalent states of Sm, Eu, Tm, and Yb are all similar and very close to 
zero as shown in Fig. 1.11, circled in blue [22]. According to the lanthanide 
contraction, the ionic radii of Sm and Eu are almost the same, while those of 
Tm and Yb are substantially smaller. As all these rare-earth elements have 
electronically active 4 / sublattices (Sm2+ 4 / 6 , E u 2 + 4 / 7 , Tm 2 + 4 / 1 3 , and Yb 2 + 
4 / 1 4 ) , dilution of the influence of the 4 / electrons could be studied in the case 
of the alkaline-earth element, Ca. 
In this chapter, the results of the studies on the structural and magnetic 
properties of the rare-earth fulleride, Yb2.7sC6o will be presented. The 
temperature evolution of the structural properties of Yb2.7sC6o (sample Z) on 
heating from 5 to 295 K has been reported earlier [23]. These results will be 
also mentioned briefly, as they are related to those obtained on the same 
sample on stepwise slow cooling from 295 to 5 K and those of Yb2.7oC6o 
(sample C), which will be introduced in the following sections. 
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3.2 Temperature-induced valence transition 
I n order to explore the existence of temperature-dependent valence 
transitions in Yb intercalated fullerides, synchrotron X-ray powder 
diffraction measurements were performed on YD2.75C60 (samples named C 
and Z) as a function of temperature. YD2.75C60 and Sm2.7sC60 are isostructural 
rare-earth fullerides but changing the nature of the rare-earth cation 
sublattice from Sm to Yb is found to affect the NTE behaviour. 
3.2.1 Experimental Details 
As Yb2.75C60 is extremely sensitive to air, preparation and sample 
handling was performed inside an Ar-atmosphere glove-box (O2 < 0.1 ppm, 
H 2 O < 0.9 ppm). Prior to synthesis, 99.9% purity C60 was degassed overnight 
at 200°C under a dynamic vacuum of 10"5 mbar. The samples were prepared 
by reaction of stoichiometric quantities of well-ground Ceo and ytterbium 
powder pressed into pellets and contained in a sealed tantalum tube, which 
were then placed inside a quartz tube filled with helium gas at 300 mbar. 
The tube containing sample C was placed in the pre-heated furnace at a 
temperature of 630°C for 6 hours with two intermediate grindings (2hr + 2hr 
+ 2hr), while the tube containing sample Z was placed in another furnace 
with a temperature set at 620°C for 6.5 hours with two intermediate 
grindings (2hr + 2hr + 2.5hr). The pellets were then slowly cooled down to 
room temperature in ~6 hours. Few milligrams of the samples were sealed in 
thin-wall glass capillaries of diameter 0.5 mm for the synchrotron X-ray 
powder diffraction measurements. Phase purity was checked using the 
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laboratory D5000 X-ray diffractometer prior to the synchrotron X-ray 
measurements (Fig 3.1). 
Sample Z 
(6.5 hrs @ 620°C) 
Sample C 
(6 hrs @ 630"C) 
Fig. 3.1. X-ray diffraction profiles of YD2.75C60 (a) sample C and (b) sample Z 
collected with the Siemens D5000 powder diffractometer ( C u - ^ radiation) at 
room temperature. 
YbxC6o samples with varying nominal concentrations of x (x = 2.75, 3, 
3.5, 4, 4.5, 5, and 6) were also prepared (Table 3.1) and characterised by 
SQUID magnetisation measurements where about 120 mg of the sample was 
sealed in a SQUID quartz tube. Low-field measurements in a field of 5 Oe 
were carried out under Z F C and F C conditions to search for bulk 
superconductivity, and total susceptibilities were measured between 2 and 
300 K in a field of 1 T with a Quantum Design MPMS5 SQUID 
susceptometer. 
Synchrotron X-ray diffraction data on Yb2.7sC60 (sample C) at various 
temperatures on heating were collected between 5 and 295 K using a liquid-
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Table 3.1. Quantities of reactants used for synthesising YbxC6o and the f inal 
mass of the product obtained after the annealing protocols. The error of the 
weight was ±1 mg. 
YbxCeo Y b Ceo 
Nominal x (173.04 g/mol) (720.66 g/mol) 
Product (mg) 
66.0 mg 100 mg 
3.816 x 10 4 mol 1.388 x 10"* mol g 
72.0 mg 100 mg 
4.162 x lO 4 mol 1.388 x 10"* mol m g 
or 84.0 mg 100 mg 
4.856 x 10-4 mol 1.388 x 10"* mol 8 
4 0 9 6 0 m g 1 0 0 m g 190 mg 5.550 x 10-4 mol 1.388 x 10"* mol B 
108 mg 100 mg 
D 6.241 x lO-4 mol 1 3 8 8 x 10"* mol m g 
60 mg 50 mg 
U 3.467 x lO-4 mol 0.694 x 10"4 mol g 
72mg 50 mg 
4.161 x 10-4 mol 0.694 x 10-4 mol n o mg 
helium-cryostat in continuous scanning mode with the high-resolution 
powder diffractometer on beamline ID31 at the ESRF, Grenoble. This sample 
was first cooled straight down to 5 K at a rate of 5 K/min, then, i t was slowly 
heated using a stepwise warming-up protocol (0.1 K/min between 5 and 60 K, 
0.4 K/min up to 295 K), while diffraction data were collected at intermediate 
temperatures. The diffraction data were collected using a monochromatic 
o 
X-ray beam of wavelength, X = 0.799985 A and the collected data were 
rebinned to a step of 0.005° in the 26 range 3.1° - 29° for data analysis. 
Similarly, the diffraction profiles of Yb2.7sC60 (samples Z) were collected 
using the same experimental setup, first, on heating between 5 and 295 K 
and then on cooling from 295 down to 4 K. This sample was first cooled 
straight down to 5 K at a cooling rate of 4 K/min, then i t was heated slowly at 
a rate of 0.2 K/min and data were collected at each step when the 
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temperature was stabilised. Sample Z was also cooled down using a stepwise 
cooling protocol while data were collected at various temperatures between 
295 and 4 K to investigate the existence of hysteretic effects associated with 
the transition. These experiments were carried out using a monochromatic 
X-ray beam of wavelength, X = 0.85066 A (heating up) and 0.80098 A (cooling 
down), and the collected data were rebinned to a step of 0.005° in the 29 
range 3.2° - 27°. Data analysis was performed with the GSAS suite of 
Rietveld analysis programs. 
3.2.2 Magnetisation Measurements 
I n an attempt to investigate the presence of bulk superconductivity in 
Yb2.75C6o reported earlier [24], low field (5 Oe) ZFC and FC magnetisation 
measurements were carried out on many different batches prepared in our 
laboratory for which powder X-ray diffraction patterns were essentially 
identical. The results obtained from these measurements showed no support 
for the appearance of bulk superconductivity, except that, in some cases, a 
very small diamagnetic response with an onset temperature of 6 K was 
observed [23]. The plot of magnetisation (emu/g) as a function of temperature 
for the sample (sample Z) showing the maximum field expulsion is shown in 
Fig. 3.2, where the calculated maximum shielding fraction obtained data was 
less than 1%. Perfect diamagnetism (100% shielding fraction) is calculated 
using the following equation-
Xsf=-**¥r (Eqn.3.1) Hm 
where Mis the longitudinal moment measured at 2 K, p is the density, His 
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the magnetic field, and m is the mass of the sample. 
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Fig. 3.2. Temperature dependence of the ZFC (open circle) and FC (full circle) 
magnetisation i n a field of 5 Oe for Yb2.7sC6o- The superconducting fraction 
obtained from these data was -0.8%. 
Given that our analogous measurements on Sm2.75C6o never showed any 
trace of superconductivity for the numerous samples studied, the observed 
trace superconductivity present in the Yb-C6o phase field quite possibly 
originates from a phase with composition other than Yb2.7sC6o. Comparable 
measurements were performed on YbxC6o samples with nominal 
compositions, x= 3, 3.5, 4, and 4.5 (Fig. 3.3). These provided slightly higher 
superconducting fractions (~2%) when "Yb4C6o" was measured. The obtained 
results are in agreement with those mentioned in another early report [25], 
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Fig. 3.3. Temperature dependence of the ZFC magnetisation for YbxC6o 
samples wi th nominal * content of 2.75 (5.0 Oe), 3 (50 Oe), 3.5 (20 Oe), 4 (20 
Oe), and 4.5 (20 Oe). The maximum superconducting fraction was obtained 
for "Yb 4C 6o" at -2.0%. 
The magnetic susceptibility for Yb2.7sC6o (sample Z) was measured in 
the temperature range of 2-300 K (Fig. 3.4). The Curie- Weiss law was obeyed 
only i n the restricted temperature regions. The average valence of Yb at 
room temperature was estimated after correcting for the diamagnetic core 
contributions (corrections were made using Pascal's constants of -20xl0" 6 
emu/mol for Y b 3 + and -5.91*10"4 emu/mol for C660~ ). The temperature 
dependence of calculated average magnetic susceptibility at was also 
included i n Fig. 3.4a assuming a linear combination of the Y b 2 + (diamagnetic) 
and Y b 3 + (paramagnetic) contributions, where the paramagnetic 
susceptibility for Y b 3 + is given by following equation [26]: 
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Fig. 3.4. Temperature dependence of (a) the magnetic susceptibility, x, and (b) its reciprocal, 1/x i n a field, H— 1 T for Yb2.7sC6o. 
I n plot (a), the calculated magnetic susceptibilities of the free Y b 2 + and Y b 3 + ions are shown by black solid lines, (continued) 
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Fig. 3.4. (continued) and the weighted average of the susceptibility calculated 
from the contributions of both Y b 2 + and Y b 3 + is represented by a red solid line. 
In plot (b), the Curie-Weiss fits of the data in the ranges 200-300 K and 2-35 
K are shown. 
( j tf • ) = Xc, f 9 8 + 2 6 0 Z + l 6 2 Y + ^hsLly _ Z ) + 5 6 0 * £ ( 1 _ ^ 
378(1 + 2Z + Y) A 6 8 - A 6 7 A 6 8 
Xcm- 3 k g T ,* -exp 
f ' A (-A A 
,Z = exp A 6 8 
v kBT j k T 
(Eqn. 3.2) 
where A67 and A68 are the energy difference between the ground state and 
excited states, g3 is the Lande splitting factor, ub the Bohr magneton, ICQ the 
Boltzmann constant, Tthe temperature, and J the total angular momentum. 
The calculated free-ion effective magnetic moment of the Y b 3 + ion from the 
equation above was 4.54 JJB, which agrees with the theoretical value given by 
gA<KJ+])]m, and thus, the estimated average valence state of Yb2.7sC6o at 
room temperature was approximately equal to ~+2.18. Below 200 K, the 
inverse susceptibility plots deviate from the Curie-Weiss behaviour (Fig. 
3.4b), as the influence of the crystal field set in, associated with the splitting 
of the eightfold degenerate 2F7/2 octet ground state of the Y b 3 + ions. Thus, the 
magnetic susceptibility can no longer be expressed as a linear combination of 
the Y b 2 + and Y b 3 + . At low temperature range (T < 35 K), the population of the 
highest levels decrease significantly (the first excited level of the free Y b 3 + ion 
lies at about 10300 cm' 1 [27]) so that the influence of the ligand field to the 
susceptibility decreases, and the paramagnetic susceptibilities can be fit ted 
to Curie-Weiss law, with a reduced magnetic moment of 1.0 /^ b per Yb ion. 
The reduced average Yb valence was approximated to be +2.05. 
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3.2.3 Structural Analysis 
i) YD2.75C60 (sample C, warming-up) 
Fig. 3.5 shows the high-resolution synchrotron powder X-ray diffraction 
profiles of Y D 2 . 7 5 C 6 0 , sample C, at 5 and 295 K in the 29 range 3.0° - 35°. The 
obtained profiles show that there is no observable change in crystal 
symmetry on cooling. Furthermore, both diffraction profiles display 
additional peaks that are not expected in the /cc structure - these can only 
be indexed by assuming an orthorhombic structure after doubling all three 
lattice parameters of the original fee unit cell (i.e. Yb2.7sC6o adopts an 
orthorhombic superstructure, space group Pcab, option 2). Thus, the 
refinements of the structure of Yb2.7sC60 were initiated by using the same 
structure model employed in the Sm2.75C6o analysis [20] at all temperatures. 
However, as seen in the inset of the following figure (Fig. 3.5a and b), the 
diffraction peaks of sample C observed at both 5 and 295 K are not as 
symmetric as those of Sm2.75C6o, and similar asymmetric shape was apparent 
for all diffraction peaks at all temperatures (indicated by red arrows). The 
asymmetricity in the peak profiles of sample C most likely reflect somewhat 
inferior quality of the sample (a slightly lower annealing temperature than 
that for sample Z was used in order to avoid formation of Yb carbides, see Fig. 
3.8). As a result, structural analysis of sample C becomes less 
straightforward than that of sample Z. After introducing a second phase in 
the course of the structural analysis, refinements of the diffraction dataset at 
295 K proceeded smoothly. The diffraction profile shown in Fig. 3.5a also 
reveals the existence of phase separation at 5 K (indicated by blue arrow). 
116 
I : • • : i • • ; • 




1 - r 01 CO 
5G i; 
CD 
1 ' i i i 1 • • • 1 1 1 I 
I I! 
16.05 16.10 16.15 16.20 16.05 16.10 16.15 16.20 
2e n 26 n A uJ 
• i 
5 10 15 20 25 30 35 5 10 15 20 25 30 
26 (°) 29 (°) 
Fig. 3.5. Synchrotron X-ray powder diffraction profiles of Yb2.75C6o (X = 0.799985 A) of sample C at (a) 5 K and (b) 295 K. The 
insets i n both figures show an expanded view of a selected region of the (844) Bragg peaks, where the red arrows indicate that 
the peak profile is asymmetric and the blue arrow indicates the existence of phase separation. 
117 
Extraction of the lattice constants from the diffraction pattern of 
sample C at 295 K was carried out using the LeBail pattern decomposition 
technique. The values of the major phase are: a = 27.8703 (3) A, b = 27.9066 
(3) A, c = 27.8313 (3) A, V = 21646.2 (6) A 3 (minor phase'- a = 27.9333 (6) A, b = 
27.9695 (6) A, c = 27.8943 (6) A, V = 21793.2 ( l l ) A 3), and the agreement 
factors x2 = 6.199, Rwp = 6.04%, R e x p = 2.43%. The lattice constants obtained 
here are substantially smaller compared to those obtained for Sm2.7sC6o at 
the same temperature (a = 28.1871 (2) A, b = 28.2237 (2) A, c = 28.1476 (2) A, 
V = 22395.0 (5) A 3). These values reflect the effect of the ionic radii of the 
intercalated metals on the lattice metrics CKYb2+) < KSm 2 + )). 
Refinement of the structure of Yb2.7sC60 was then initiated by Rietveld 
analysis of an extended Q-range diffraction dataset (29 range 3.2° - 28.6°) at 
295 K assuming that both phases adopt the same structural model. As in 
Sm2.75C6o, the observed superstructure in Yb2.7sC60 arises from long-range 
ordering of tetrahedral (Ta) Yb defects, namely one out of every eight Td sites 
is only partially occupied (~15% in the present refinement) (Fig. 3.6). 
The structural model was constructed by firstly constraining the shape 
of the Ceo units to icosahedral symmetry with a cage diameter of 7.01 A and 
fixing all OC bond lengths to 1.44 A. There are 32 Ceo molecules present i n 
the unit cell of Yb2.75C6o"> therefore, 240 independent C atoms are required. 
Secondly, the orientation of five symmetryinequivalent Ceo molecules 
present in the unit cell, Ceo(l) at (000), Ceo(2l) at (OVSA), Ceo(22) at (%0V4), 
C6o(23) at QA%0), and C6o(3) at {V2Y2V2), were rotated anticlockwise by 37.5° 
about their local [ i l l ] , [ 1 1 1 ] , [ i l l ] , [ 1 1 1 ] , and [ i l l ] symmetry axes, 
respectively. 
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Fig. 3.6. Basal plane projection of the orthorhombic superstructure of 
YD2.75C60 based on the doubling the fee A3C60 unit cell along al l three lattice 
directions. Yb cations i n distorted octahedral and tetrahedral sites are 
represented by red and blue spheres, respectively. The C60 units are optimally 
rotated about local three-fold symmetry axes. 
Finally, every C atom coordinate was scaled w i t h respect to the lattice 
constant obtained via the LeBail technique for Yb2.7sC6o using the following 
expression^ 
, ax , by , , cz ,„ „ , 
* = — , y = — , and z - — (Eqn. 3.4) 
a' V c' 
where a, b, and c are the lattice constants and x, y, and z are atomic 
coordinates of C atoms of Sm2.75C6o and a\ b\ and c'are the lattice constants 
and x\ y\ and z' are the atomic coordinates of C atoms of Yb2.75C6o, 
respectively. The resultant structure model, which is different from that 
proposed i n ref. [24], leads to both improved agreement factors for the 
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Table 3.2a. Refined parameters of Yb2.7sC6o (sample C, major phase) obtained 
from the Rietveld refinement of the diffraction data at 5 K. 
Site x/a y/b z/c Occupancy f*A2) 
Ceo (1) 4a 0 0 0 1.0 2.8 (1) 
Ceo (21) 8c 0 V* XA 1.0 2.8 (1) 
Ceo (22) 8c v< 0 % 1.0 2.8 (1) 
Ceo (23) 8c % 0 1.0 2.8 (1) 
Ceo (3) 4b ¥t lA y2 1.0 2.8 (1) 
Y b ( l l ) 8c 0.1380 (4) 0.1148 (5) 0.3610 (4) 0.978 (1) 4.3 (2) 
Yb (12) 8c 0.3610 (4) 0.1380 (4) 0.1148 (5) 0.978 (1) 4.3 (2) 
Yb (13) 8c 0.1148 (5) 0.3610 (4) 0.1380 (4) 0.978 (1) 4.3 (2) 
Yb(2 l ) 8c 0.1337 (4) 0.3689 (5) 0.3779 (6) 0.978 (1) 4.3 (2) 
Yb(22) 8c 0.3779 (6) 0.1337 (4) 0.3689 (5) 0.978 (1) 4.3 (2) 
Yb(23) 8c 0.3689 (5) 0.3779 (6) 0.1337 (4) 0.978 (1) 4.3 (2) 
Yb(3) 8c 0.384 (2) 0.373 (2) 0.376 (2) 0.978 (1) 4.3 (2) 
Yb (4) (vacancy) 8c 0.116 (2) 0.127 (3) 0.127 (2) 0.155 (9) 4.3 (2) 
Yb (51) 8c 0.1998 (1) 0.1998 (1) 0.1998(1) 0.939 (4) 1.7 (3) 
Yb(52) 8c 0.0501 (1) 0.0501 (1) 0.1998 (1) 0.939 (4) 1.7 (3) 
Yb(53) 8c 0.1998(1) 0.0501 (1) 0.0501 (1) 0.939 (4) 1.7 (3) 
Yb(54) 8c 0,0501 (1) 0.1998 (1) 0.0501 (1) 0.939 (4) 1.7 (3) 
Yb(6 l ) 8c 0.1998 (1) 0.323 (3) 0.323 (3) 0.061 (4) 1.7 (3) 
Yb(62) 8c 0.0501 (1) -0.073(3) 0.323 (3) 0.061 (4) 1.7 (3) 
Yb(63) 8c 0.323 (3) -0.073(3) 0.0501 (1) 0.123 (7) 1.7 (3) 
Table 3.2b. Nearest Yb-C contacts for the Td sites in sample C at 5 K in A. 
Yb(l l ) -C 2.608 (7) 
2.621 (7) 
Yb(2l)-C 2.672 (9) 
2.830 (9) 
Yb(l2)-C 2.605 (6) Yb(22)-C 2.692 (8) 
Yb(l3)-C 
2.618 (6) 
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Fig. 3.7. Synchrotron X-ray powder diffraction profile of Yb2.7sC6o (sample C) at 5 K (X = 0.799985 A). Intensities of observed 
and calculated peaks are shown as blue circles and solid red line, respectively. The solid black line at the bottom indicates the 
difference of observed and calculated peaks. [Inset-' Refinement results of the (844) Bragg peak (green, black, and pink dashed 
lines indicate the position of phase 3, phase 1, and phase 2, respectively).] 
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Rietveld refinement and avoids the presence of unphysically short Yb-C6o 
contacts. In the refined structural model, the Yb cations are displaced from 
the centres of the Oh sites by ~2.4 A and from the centres of the Td sites by 
-0.3 A with a shortest Yb(3)-C6o contact of 2.78(3) A. 
Based on this model, the refinement of the diffraction profile at 5 K was 
also carried out and the results of the f inal refinement are shown in Table 3.2 
and Fig. 3.7. For the major phase (phase l ) , a = 27.9262(9) A, b = 27.9458(9) 
A, c = 27.9067(9) A, and V = 21779.0(20) A 3 (agreement factors: y} = 2.914, 
R w p =• 3.89%, R e x p = 2.28%). The second phase introduced to account for the 
features at higher angles has lattice parameters'- a = 27.8197(29) A, b = 
27.8391(30) A, c = 27.8002(30) A, V = 21530.6(6.8) A 3 . Finally, a third phase 
was added to compensate for the asymn etry of the diffraction peaks (a = 
28.0287(22) A, b = 28.0481(23) A, c = 28.0092(22) A, V = 22019.5(5.3) A 3). The 
weight fractions of these three phases converged to 74.8(l)% (phase 1, major 
phase), 13.0(3)% (phase 2, minor phase), and 12.2(2)% (phase 3, asymmetry). 
In the course of the refinements, some weak impurity peaks were excluded. 
ii) Yb2.75C60 (sample Z, cooling protocol) 
The diffraction profile of Yb2.75C6o (sample Z) at 4 K (X = 0.80098 A), 
obtained on stepwise cooling from 295 K down to 4 K, is shown in Fig. 3.8. As 
seen in the inset, the diffraction peaks are significantly more symmetric, 
implying that sample Z is clearly single-phase at all temperatures. 
122 
T 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 








17.10 17.15 17.20 
26 n 
J 
j I i i i i _ l u _ i i i I • • i i I i i I i . . . I i i i i L 
5 10 15 20 25 30 35 
29 (°) 
Fig. 3.8. Synchrotron X-ray powder diffraction profile of YD2.75C60 (X = 
0.80098 A, sample Z) at 4 K obtained on stepwise cooling. [Inset- the 
expanded view of the selected region of the (844) Bragg peaks.] 
The structure model employed for the Rietveld refinement of Yb2 .7sC6o 
(sample Z) [23] was used to carry out the refinement of the same sample 
obtained using the stepwise cooling protocol at 4 K. The Rietveld refinements 
were carried out i n the 29 range of 3.2° - 35.0°, while, some of weak impuri ty 
peaks were excluded. The final refinement yields'- a = 27.9069(3) A, b = 
27.9265(3) A, c = 27.8874(3) A, V = 21733.8(6) A 3 w i t h agreement factors x2 = 
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Fig. 3.9. The f inal result of the Rietveld refinement of the synchrotron X-ray powder diffraction profile of YD2.75C60 (sample Z) at 
4 K (X = 0.80098 A). Intensities of observed and calculated peaks are shown as blue circles and solid red line, respectively. The 
ticks represent the positions of diffraction peaks and the solid black line indicates the difference profile. 
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Table 3.3a. Refined parameters of Yb2.7sC6o (sample Z, on cooling) obtained 
from the Rietveld refinement of the diffraction data at 4 K. 
Site x/a y/b z/c Occupancy 
Ceo (1) 4a 0 0 0 1.0 2.3 (1) 
Ceo (21) 8c 0 y* Va 1.0 2.3 (1) 
Ceo (22) 8c V* 0 Va 1.0 2.3 (1) 
Ceo (23) 8c Va l/4 0 1.0 2.3 (1) 
Ceo (3) 4b V* y2 V2 1.0 2.3 (1) 
Y b ( l l ) 8c 0.1372 (5) 0.1170 (6) 0.3842 (5) 0.979 (2) 4.2 (3) 
Y b ( l 2 ) 8c 0.3842 (5) 0.1372 (5) 0.1170 (6) 0.979 (2) 4.2 (3) 
Y b ( l 3 ) 8c 0.1170 (6) 0.3842 (5) 0.1372 (5) 0.979 (2) 4.2 (3) 
Y b ( 2 l ) 8c 0.1339 (4) 0.3672 (5) 0.3769 (6) 0.979 (2) 4.2 (3) 
Yb(22) 8c 0.3769 (6) 0.1339 (4) 0.3672 (5) 0.979 (2) 4.2 (3) 
Yb(23) 8c 0.3672 (5) 0.3769 (6) 0.1339 (4) 0.979 (2) 4.2 (3) 
Yb(3) 8c 0.378 (3) 0.380 (3) 0.378 (3) 0.979 (2) 4.2 (3) 
Yb (4) (vacancy) 8c 0.122 (3) 0.120 (3) 0.122 (2) 0.148(14) 4.2 (3) 
Y b ( 5 l ) 8c 0.2010 (2) 0.2010 (2) 0.2010 (2) 0.938 (5) 2.0 (3) 
Yb (52) 8c 0.0490 (2) 0.0490 (2) 0.2010 (2) 0.938 (5) 2.0 (3) 
Yb(53) 8c 0.2010 (2) 0.0490 (2) 0.0490 (2) 0.938 (5) 2.0 (3) 
Yb(54) 8c 0.0490 (2) 0.2010 (2) 0.0490 (2) 0.938 (5) 2.0 (3) 
Y b ( 6 l ) 8c 0.2010 (2) 0.304 (4) 0.304 (4) 0.062 (5) 2.0 (3) 
Yb(62) 8c 0.0490 (2) -0.054 (4) 0.304 (4) 0.062 (5) 2.0 (3) 
Yb (63) 8c 0.304 (4) -0.054 (4) 0.0490 (2) 0.125 (9) 2.0 (3) 
Table 3.3b. Nearest Yb-C contacts for the Ta sites i n sample Z at 4 K in A. 
Yb(l l)-C 2.621 (10) Yb(2l)-C 2.723 (10) 
2.638 (10) 2.773 (11) 
Yb(l2)-C 2.619 (12) Yb(22)-C 2.744 (10) 
2.635 (14) 2.797 (11) 
Yb(l3)-C 2.593 (17) Yb(23)-C 2.744 (12) 
2.641 (14) 2.772 (12) 
Yb(3)-C 2.69 (4) Yb(4)-C 2.94 (6) 
2.78 (4) 2.95 (6) 
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Table 3.4 shows that the unit cell volume of YD2.75C60 at 5 K is 
substantially larger than that at 295 K. Thus, an anomalous response of the 
lattice dimensions with change in temperature is expected. 
Table 3.4. The extracted values for the unit cell volume of Yb2.75C6o at 5 and 
295 K. 
Sample Volume 5 K (A3) Volume 295 K (A3) 
Yb2.75C6o (C_heating) 21779.0 (20) 21647.5 (4) 
Yb2.75C60 (Z_heating) 21806.0 (8) 21655.0 (6) 
Yb2.75C60 (Z_cooling) 21733.8 (6) 21625.3 (5) 
3.2.4 Temperature Evolution 
i) Yb2.75C«) (sample C, warming-up) 
The evolution of the diffraction profiles collected on sample C shows no 
apparent changes in relative peak intensities throughout the whole 
temperature range, implying that there is no sign of a phase transition to a 
structure with different crystal symmetry detectable. However, careful 
inspection of each Bragg reflection at various temperatures reveals two 
interesting features of the present data. Firstly, the diffraction peaks in the 
low temperature region continuously shift to higher angles on heating (Fig. 
3.10a), implying that the lattice dimensions contract as the temperature 
increases above 5 K; this behaviour is referred to as negative thermal 
expansion (NTE). This trend continues up to 50 K and is reversed above this 
temperature, where normal behaviour is restored with the lattice smoothly 












T 1 1 1 1 1 1 f 1 1 1 1 1 1 1 1 1 1 1 p 
- (b) 





j—i I , , • . I • • , , I , , i_i L 
11.35 11.40 11.45 11.50 11.35 11.40 11.45 11.50 
26 O 20 (°) 
Fig. 3.10. Temperature evolution of the (444) Bragg reflection (X = 0.799985 
A) i n YD2.75C60 (sample C) on heating f rom (a) 5 to 50 K (low temperature 
range): a, 5 K; b, 20 K," c, 23 K; d, 28 K; and e, 50 K. The peak shifts to higher 
angles (lattice contraction) on heating from 5 to 50 K. I n the high 
temperature range (b) of 60 to 295 K, where f, 60 K; g, 180 K; and h, 295 K, 
the peak shifts to lower angles (lattice expansion) on further heating to room 
temperature. A change i n peak shape is clearly seen between the high and 
low temperature ranges, where i n the high temperature range, the peak 
shapes are asymmetric, while i n the temperature range i n which NTE is 
observed, the peak shapes are less asymmetric but phase separation is 
evident. 
Secondly, the diffraction profile at room temperature, obtained prior to 
cooling down to 5 K, shows slightly asymmetric peak shape towards the lower 
angle side (Fig. 3.5b). On the other hand, the diffraction profiles obtained i n 
the low temperature region, where the NTE behaviour is observed, clear 
phase separation is evident. The lattice dimensions of the second phase 
increase on heating, unlike the contraction observed for the major phase. 
The phase separation is suppressed as the temperature increases to 50 K 
where the NTE behaviour also disappears, and the original peak shape of the 
high temperature region is recovered. Such behaviour could reflect the 
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presence of local structural inhomogeneities accompanying the 
transformation, where a part of the sample experiences anomalous NTE and 
the other part shows a normal thermal response. I t should be noted here that 
the asymmetry in the peak shape does not completely disappear in the low 
temperature region, although i t is not as apparent as in the high temperature 
region. 
Refinement of the structure at low temperatures was attempted by 
3-phase Rietveld analysis initiated by assuming that all phases adopt the 
orthorhombic space group Pcab. Above 50 K, the Rietveld refinements were 
carried out using a 2-phase structural model, as phase separation no longer 
exists. The extracted temperature evolution of the unit cell volume, weight 
fractions, and calculated thermal expansivitiy are shown in Fig. 3.11. 
The NTE behaviour observed in the major phase in Yb2.7sC6o (sample C) 
is found below a characteristic critical temperature, %~ 50 K, which is 
comparable to that established for sample Z (-60 K) [23]. As the temperature 
slowly increases above 5 K, the lattice parameters contract steeply unt i l the 
temperature reaches 28 K with maximum thermal expansivity, av (= 
&h\V/6.D, of -1055 ppm/K (Fig. 3.11c), leading to an overall decrease in unit 
cell size of 1.33%. The unit cell volume of the second phase, on the other hand, 
slowly expands at a rate of ~14 ppm/K on heating towards 28 K, where the 
phase separation disappears. A t the same temperature, not only the phase 
separation disappears, but also the high-temperature peak shape is 
recovered. This is clearly seen in Fig. 3.10a where the diffraction peaks 
change shape and the weight fraction of the third phase suddenly increases 
(Fig. 3.11b). The anomalous lattice response disappears above 50 K and the 
lattice constants increase on heating to 295 K, resulting in an overall volume 
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expansion at a rate of ~28 ppm/K, without showing further change i n the 
peak shape, comparable to what is normally encountered for alkali metal 
fullerides. However, the lattice expansion i n the high temperature region is 
s t i l l not large enough to produce a cell volume at ambient temperature 
comparable to that at 5 K. 
ii) YD2.75C60 (sample Z, warming-up and cooling-down thermal protocols) 
The diffraction profiles obtained for Yb2.75C6o (sample Z) at various 
temperatures between 4 and 295 K on heating [23] and 295 and 4 K on 
stepwise cooling shows no changes i n relative peak intensities throughout 
the whole temperature range (Fig. 3.12), implying once more the absence of a 
phase transition to a structure wi th different crystal symmetry. 
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Fig. 3.12. Synchrotron X-ray powder diffraction profiles of Yb2.7sC60 at 
selected temperatures as obtained on heating (left, X = 0.8507 A) and on 
cooling (right, % = 0.8010 A). 
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However, inspection of the temperature dependence of the data reveals 
that the angular position of the diffraction peaks at low temperatures shifts 
to higher angles on heating and lower angles on cooling (Fig. 3.13a and b). 
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Fig. 3.13. Selected region of the synchrotron X-ray powder diffraction profiles 
of YD2.75C60 (sample Z), showing the temperature evolution of the (400) Bragg 
reflection (a) on heating (X = 0.8507 A); trace a, 4 K." b, 20 K; c, 25 K; d, 35 K; e, 
60 K; f, 295 K, [23] and (b) on cooling (X = 0.8010 A); trace a, 295 K; b, 190 K; 
c, 100 K; d, 40 K; e, 7 K; f, 4 K. 
The temperature evolution of the (400) Bragg reflection on heating (Fig. 
3.10a) reveals that as temperature increases above 4 K, the peak shifts 
quasi-continuously to higher angle (lattice contraction) un t i l the temperature 
reaches 60 K, and then the direction of shift changes to lower angles (lattice 
expansion) on further heating to room temperature. This trend, similar to 
that observed i n Sm2.75C60 [20], implies the material contracts as the 
temperature increases above 4 K (NTE). A characteristic temperature, Tv, 
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where the direction of peak shift changes (thus N T E behaviour disappears), 
for Yb2.75C60 is found at substantially higher temperature (-60 K) than in 
Sm2.75C6o (~32 K) and normal behaviour is restored above 60 K with the 
lattice smoothly expanding on heating to 295 K. 
On the other hand, the diffraction profiles collected using the stepwise 
cooling protocol (Fig. 3.13b) show, starting from 295 K, that the peaks shift 
monotonically to higher angles on cooling down to 100 K. The rate of shifting 
towards higher angle decreases significantly on further cooling down to 20 K . 
Then, a sudden jump to lower angles is observed at 12 K. Here, the transition 
is more abrupt than the almost continuous shift observed on heating and the 
onset temperature of N T E is considerably lower. 
Extraction of reliable lattice constants of Yb2.7sC60 (sample Z) on cooling, 
and thus of the unit cell volume, was performed with the LeBai l technique 
using the same orthorhombic (space group Pcab) at all temperatures. The 
temperature evolution of the extracted unit cell volume is shown in Fig. 3.14a 
together with that on heating, thereby revealing a strong hysteretic 
behaviour associated with the transition. 
The existence of hysteretic effects is clearly seen in Fig. 3.14a, where 
the critical temperature is lower than those extracted on heating 
experiments and the lattice dimensions derived from the analysis of the 
diffraction data with the stepwise cooling protocol are smaller. Fig. 3.14b 
shows the calculated thermal expansivity, av (= din V/d7), on heating plotted 
against temperature, which is negative throughout the region where N T E is 
observed. Initially, in absolute value, it increases continuously on heating 
until it goes through a maximum of -580 ppm/K at 30 K and then 
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Fig. 3.14. Temperature evolution of (a) unit cell volume of YD2.75C60 (sample Z) on cooling (blue downwards triangle) and 
heating (red upwards triangle) and the coefficient of thermal expansion, otv = dlnJ'/d7 ,of (b) heating and (c) cooling. 
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rapidly decreases to zero at ~60 K. This results in an overall volume 
contraction of 1.4% on heating from 4 to 60 K without showing any 
observable change in crystal symmetry. The anomalous lattice response 
disappears above 60 K, the sign of the thermal expansivity changes and the 
lattice expands on heating to 295 K at a rate of approximately +28 ppm/K. 
This value is comparable to that typically encountered in other metal 
fulleride salts, for example, dlnV/dT- +30 ppm/K for KsBasCeo [28]. The 
lattice expansion above 60 K results in a cell volume at room temperature 
remarkably smaller compared to that at 4 K. 
The thermal expansivity for the stepwise cooling experiment (Fig. 
3.14c) in the high temperature region is approximately +25 ppm/K and as the 
temperature decreases towards 100 K, the rate of contraction also decreases 
to —1-20 ppm/K; then on further cooling, the value becomes ~+10 ppm/K at 30 
K, and approaches zero around 20 K. The sign of the thermal expansivity 
then changes and increases suddenly, reaching maximum of -1086 ppm/K, as 
the lattice expands abruptly with an overall increment of 0.99% between 20 
and 4 K. 
3.2.5 Discussion 
The determination of the temperature evolution of the lattice 
parameters can be a direct indicator to reveal what is happening in these 
materials at the microscopic level. As already mentioned earlier, in pristine 
Ceo, there exist two types of interstitial holes with different hole radii, namely, 
smaller Ta sites (1.12 A) and larger Oh sites (2.06 A). The size of the ions 
occupying the Ta site can sensitively control the unit cell size of the fullerides. 
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When ions with ionic radius larger than the hole radius of the Ta site are 
introduced, the fullerides display a substantial expansion of the lattice. 
Noting that in Yb2.75C6o, the size of the Ta hole radius straddles the values of 
the ionic radii of Y b 2 + (1.16 A) and Y b 3 + (1.01 A), changes in the valence states 
can be expected to have a profound effect on lattice size. With this in mind, 
the anomalous response of the Yb2.7sC6o lattice size at low temperature 
without an accompanying change in crystal symmetry can be rationalised in 
the same manner as for Sm2.7sC6o in terms of the valence fluctuation model, 
driven by Y b 2 + <-> Y b 3 + conversion. 
The existence of a mixed valence state in YD2.75C60 may be expected both 
by the tendency of Yb to exhibit intermediate valence and the availability of 
the narrow Ceo t i u band allowing strong coupling with the 4 / band of Yb to 
occur. Furthermore, on the basis of a charge transfer model, that is, if all 
cations are in the same oxidation state, the charge states for the C6"0" 
molecular ions cannot retain integer values for the stoichiometry Yb2.7sC6o. 
On the other hand, supposing that the creation of a vacancy results in 
removing Y b 2 + cations from the unit cell, in order to recover charge balance, 
the partial introduction of Y b 3 + cations has to be considered, leading to a 
mixed valent Y b 2 + / Y b 3 + state with an average valence of +(2+e). The Ceo t i u 
band becomes full with n = 6, and thus e can be estimated to be ca. 0.18. 
The first evidence to support this hypothesis was obtained from the 
results of variable-temperature magnetic susceptibility measurements at 1 T 
(Fig. 3.15). The results showed that the Curie-Weiss law was obeyed over a 
restricted temperature range of -200 to 300 K with pe(f = 2.18 per Yb ion 
and © - 197 K . Considering the magnetic susceptibilities of free Y b 2 + and 
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Y b 3 + ions, Y b 2 + is diamagnetic and Y b 3 + is paramagnetic wi th a calculated 
free-ion effective magnetic moment of 4.54 p%. The average Yb valence, at 
least in the high temperature range, can therefore be approximated as +2.20, 
assuming that the measured susceptibility of Yb2.7oC6o is the weighted sum of 
the Y b 2 + and Y b 3 + susceptibilities. The calculated value obtained here is 
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Fig. 3.15. Temperature dependence of the reciprocal of the magnetic 
susceptibility, lly_ for Yb2.75C6o (sample C). The straight lines depict 
Curie-Weiss fits of the inverse susceptibility data in the ranges 200-300 K 
and 5-35 K. 
The definition of an average valence below 200 K becomes more 
complicated due to the effect of the crystal field associated with the splitting 
of the 2F7/2 octet ground state term of Yb 3 + . Thus, the magnetic susceptibility 
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can no longer be expressed as a linear combination of the Y b 2 + and Y b 3 + 
contributions. Having said this, very rough estimation of the average Y b 
valence can be obtained for the data below 35 K where Curie-Weiss behaviour 
is observed with a reduced magnetic moment of 1.13 pb per Yb ion, which is 
much lower than that expected from crystal field effects alone. The estimate 
of the reduced average Yb valence gives the value of +2.06 at low 
temperature, which is consistent with a picture, where the fragility of the 
valence states of Yb [29] can result in a valence transition of Yb from nearly 
+2 valence state at 5 K towards mixed state of +(2+e) induced by changing 
temperature, leading to an anomalous isosymmetric lattice response (NTE) . 
The N T E behaviour and phase separation observed at low temperatures 
for Yb2.75C6o (sample C) can be explained by a partial valence transition of Yb 
within the compound. The anomalous thermal expansion is driven by the 
part which undergoes a valence transition from +2 valence state towards +3 
state on heating resulting in increase of the average valence from —(-2 to 
~+2.2. Some fraction of Yb ions does not experience the valence transition 
and this is reflected in the observed phase separation. 
The results of the temperature evolution of the unit cell volume of 
Yb2.75C60 (sample Z) on heating and on cooling clearly show a hysteretic effect 
associated with valence transition. The N T E behaviour on heating is 
quasi-continuous over a broad temperature range of 4 to 60 K, while on 
cooling, the volume expansion is very abrupt and the onset temperature of 
N T E is at a much lower temperature of 20 K. The extracted unit cell 
parameters from the analysis of the diffraction data on cooling at each 
temperature are smaller than those extracted at the same temperature on 
heating. The unit cell volume at 4 K obtained on cooling, for example, is 
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smaller by 0.45% compared to that obtained on heating. Furthermore, 
overall lattice expansion (or contraction) is smaller for the case of stepwise 
cooling protocol. These results clearly indicate that the temperature-induced 
valence transitions of the Yb ions are sensitively affected by the rate of 
change of temperature. 
Our current interpretation of the driving force of the valence transition 
is i n terms of electron transfer and the coupling of the Yb 4 / band to the 
electronically active t i u band of C60- As shown schematically i n Fig 3.16, at 
high temperatures, 4 / electrons can be thermally excited from the narrow 4 / 
band into the C6o t i u band, making the t i u band fu l ly occupied wi th 6 electrons, 
while the average valence of Yb approaches +2.20. 
5dy high temperature low temperature d° 5d° 
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Density of states 
Fig. 3.16. Schematic diagram of the electron densityof-states i n Yb2.75C6o at 
low and high temperatures, showing the spilling over of electron density from 
the Yb 4 / band to the t i u band of C6o on heating. 
A t low temperatures, these electrons are taken back into the 4 / band, 
thus, the valence state of Yb ions approaches +2 and as a result, expansion of 
the ionic radius is obtained. This implies that no lattice anomalies w i l l be 
138 
observed for other isostructural fullerides, which lack an electronically active 
4 / sublattice. A good example to investigate this point comes from the results 
obtained by similar measurements using the synchrotron X-ray powder 
diffraction technique at various temperatures for the isoelectronic and 
isostructural Ca2.7sC60 fulleride (see Chapter 5). The structural study of 
Ca2.75C6o reveals that the structure of this material is also characterised by 
cation vacancy ordering as in Yb2.7sC60 [22], but has no 4 / sublattice. As 
expected, the temperature evolution of the unit cell volume of Ca2.7sC6o shows 
no anomalous expansion behaviour! instead, its lattice contracts 
continuously by ~0.4% between 295 and 5 K . 
3.3 Pressure-induced valence transitions 
Sm2.7sC6o displayed an abrupt hysteretic phase transition, accompanied 
by a dramatic volume decrease (AV/V ~ 6.8%) and an insulator-to-metal 
transition at ~4 G P a induced by a sudden Sm valence transition from +2.2 
towards +3 [21]. Here, the results of the study of the compression behaviour 
of Yb2.75C6o (sample C) in the pressure range 0-6.50 GPa, obtained using the 
synchrotron X-ray powder diffraction technique at ambient temperature are 
presented. The purpose of this study is to investigate the effect of pressure on 
the transition as Sm is replaced by Yb. 
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3.3.1 Experimental Details 
The pressure-dependent X-ray powder diffraction experiments at 
ambient temperature were performed on beamline ID09 at the ESRF, 
Grenoble. The Yb2.7sC60 powder was prepared in the same way as for the 
temperature-dependent experiments, and it was loaded in a diamond anvil 
cell (DAC) inside an anaerobic glovebox. The DAC is used for high-pressure 
generation and is equipped with an aluminium gasket. The diameters of two 
faces of the diamond culet were 600x600 um 2 and 80 um deep and 250 um 
wide hole is made in the gasket for the sample space. The sample powder 
was introduced in this hole together with a pressure transmitting medium 
(helium) and two small rubies placed near the centre of one diamond face. 
The pressure inside the DAC was increased at room temperature and was 
measured accurately by the ruby fluorescence method at each measurement. 
The diffraction patterns were obtained by using Si ( l l l ) monochromised 
X-ray beam (X = 0.41746 A) with a beam size of 30x40 um2. The diffracted 
beam was collected using an image plate detector up to a maximum pressure 
of 6.50 GPa with typical exposure times of 15 min at a beam current of -70 
mA. The pressure was then gradually released down to the minimum 
possible pressure without opening the DAC; in this way, the diffraction data 
were collected down to 3.20 GPa upon depressurisation. The two-dimensional 
diffraction images were integrated, after masking of the strong Bragg 
reflections of the ruby crystal, using the local ESRF FIT2D software [30]. 
The data analysis was performed with the LeBail pattern decomposition 
technique within the GSAS programme. 
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3.3.2 Structural Analysis 
Synchrotron X-ray powder diffraction profiles of YD2.75C60 were collected 
at pressures between ambient and 6.50 GPa. The quality of patterns 
obtained in high-pressure experiments, compared to that obtained in 
temperature dependent patterns on ID31, is too low to attempt detailed 
Rietveld refinements for this complex structural model. However, even with 
these lower quality data, every reflection peak observed was consistent with 
the same orthorhombic structural model (space group Pcab) that was 
employed in the LeBail technique (Fig. 3.17). 
Reliable lattice constants were extracted from the diffraction pattern at 
ambient temperature and pressure using the LeBail pattern decomposition 
technique, resulting in values of a = 27.8972(5) A, b = 27.9530(5) A, c = 
27.8414(5) A, V = 21711.0(1.1) A 3 , and agreement factors Rwp = 2.70%, R e x p = 
2.50%, and x 2 = 1-04. The background of the synchrotron data was described 
by a shifted Chebycshev polynomial function with 20 coefficients, which were 
refined originally and then kept fixed at the final stages of the refinements in 
order to reduce the total number of refined parameters. The peak shape was 
described at all pressures by the asymmetry function of Finger et al. [3l] 
(function type 3) implemented in GSAS. These values obtained are 
comparable to those obtained from Rietveld refinements on the same sample 
on ID31 at ambient temperature and pressure. The refined parameters and 
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Fig. 3.17. Results of the LeBail analysis of the synchrotron X-ray powder diffraction profile of YD2.75C60 at ambient pressure (P-
1 atm). Observed (blue circles), calculated (solid red line), and difference (solid black line) profiles. 
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Table 3.5. Summary of the refined parameters of YD2.75C60 (sample C) at 
ambient pressure and 6.50 GPa. 
Pressure (GPa) 0.05 6.50 
Instrumental parameters: 
A. (A) 0.41746 0.41746 
A28 (xlOO, °) -1.064 -1.064 
29 range (°) 1.5 - 24 1.5 - 24 
Step size (°) 0.014 0.014 
Lattice parameters: 
a (A) 27.8972 (5) 26.9144 (5) 
b(A) 27.9530 (5) 26.9682 (5) 
c(A) 27.8414 (5) 26.8606 (5) 
V(A3) 21711.0 (1.1) 19496.3 (1.5) 
Peak profile coefficient: Type 3 Type 3 
GU, GV, 120.3 (7), -47.8 (6), 248.4 (5), -17.4 (4), 
GW 2.63 (9) 15.6 (2) 
Lx, Ly 0.114(6), 21.3(2) 0.754 (5), 1.55 (8) 
S/L, H/L 0.005, 0.0005 0.005, 0.0005 
Agreement factors: 
Rwp (%), Rexp (%), x 2 2.70, 2.50, 1.04 4.30, 2.63, 2.68 
3.3.3 Pressure Evolution 
Figure 3.18 shows the diffraction profiles obtained at selected elevated 
pressures. There is an excellent correspondence of the reflection intensities in 
these profiles with those observed at ambient pressure. The lattice constants 
at each pressure were extracted with the LeBail method using same space 
group Pcab, option 2, at all pressures. Inspection of the diffraction data 
indicates that as the applied pressure increases, the diffraction peaks 
continuously shift to higher angles, which is consistent with the expected 
contraction of the material. 
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Fig. 3.18. Synchrotron X-ray (X = 0.41746 A) powder diffraction profiles for 
YD2.75C60 collected at elevated pressures between ambient and 6.50 GPa. 
However, above 4.30 GPa the peak shift abruptly increases implying the 
onset of a phase transformation to a structure associated with a drastic 
reduction of lattice dimensions (AV/V~ 2.1%). This trend continues up to 
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5.10 GPa whereupon the peak shifts become much smaller, while the 
transformation continues with further increase in pressure. The extracted 
pressure evolutions of the orthorhombic lattice parameters and of the unit 
cell volume are shown in Fig. 3.19. 
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Fig. 3.19. Pressure evolution of (a) the lattice constants; a in blue circles, b in 
red squares, and c in green triangles and (b) the normalised unit cell volume 
for Yb2.75C60- Open (filled) circles represent data obtained on increasing 
(decreasing) pressure. Solid arrows represent the direction of pressure 
evolution of the unit cell volume, while dashed arrow represents expected 
direction of evolution. 
This transition is also associated with change in optical properties, 
where a change of colour from black to golden yellow occurs, indicating the 
occurrence of an insulator-to-metal transition. This can be explained by the 
spilling of the 4/ electrons into the 5dconduction band caused by the applied 
pressure reducing the energy separation between the localised 4/ states and 
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the 5d bands. However, the inferior quality of the high pressure diffraction 
data makes it difficult to discuss in further detail the occurrence of this 
transition. After release of pressure from 6.50 GPa, the diffraction peaks shift 
slowly towards lower angles. The diffraction data with releasing pressure 
were collected down to 3.20 GPa, where it was found that the original low-
pressure phase was recovered. The reverse transition is also associated with 
a reverse colour change from golden yellow to black. These trends imply that 
the transformation is reversible and is characterised by a hysteretic 
behaviour as it was observed in the case of Sm2.7sC6o [21] and SmS [32]. 
3.3.4 Discussion 
In the previous section, the anomalous lattice response of Yb2.7sC60 at 
low temperatures (without externally applied pressure) was described and 
was ascribed to the strong coupling between the Yb and Ceo electronic 
structures. The observed effects are related to the fragility of the +2 and +3 
valence states of Yb and its tendency to exhibit intermediate valence 
characteristics. The abrupt phase transformation observed for Yb2.75C6o 
under high pressure at room temperature can be rationalised along the same 
lines, namely a discontinuous valence change of the rare-earth element from 
~+2.2 towards +3 state having a smaller ionic radius and leading to the 
collapse of the unit cell metrics. Similar pressure-induced valence 
transitions have been observed for the rare-earth monochalcogenide families 
and were also rationalised in terms of the valence fluctuation model of two 
nearly-degenerate electronic configurations, 4/n5d° and 4/ n l5d1 [33]. For 
instance, YbS also shows a pressure-induced semiconductor-metal transition 
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associated with the collapse in its lattice constants [34]. The transition is 
accompanied by a reduction in the lattice constants. The ionic radius of the 
4/ 1 3 configuration is -13% less than that of the 4/ 1 4 state, which results in a 
first-order isosymmetric lattice collapse at around 20 GPa. Until recently, 
precise determination of the pressure evolution of the 4/ occupation, thus the 
average valence state, has not been achieved, because the XAS spectra at the 
Yb Li edge of YbS under pressure are broadened by the short 2p3/2 lifetime. 
Direct information on the electronic configuration of YbS under pressure has 
recently been obtained by using high-resolution XAS and resonant inelastic 
X-ray scattering (RIXS) at a third-generation synchrotron source, which 
provided clear evidence of the valence variation with increasing pressure 
[35]. 
Such a pressure derived discontinuous 4/ —> 5d electron derealization 
can also be expected in Yb2.75C6o, providing an excellent explanation of the 
drastic lattice collapse. As pressure increases, the lattice metrics decrease 
continuously, leading to a reduced gap between the ti u band of C6o and the Yb 
5d conduction band until a critical pressure of 4.30 GPa is reached, where the 
first-order transition is triggered. When the gap reaches zero, the 4/ electron 
density starts to spill over into the 5d band, as illustrated schematically in 
Fig. 3.20. This leads to an increase in the average Yb valence towards +3, a 
decrease in the size of the ionic radius, and thus a decrease in the unit cell 
size. At sufficiently high pressure, the complete valence change of Yb to +3 
state is expected. As pressure is released, the electron density is transferred 
back into the 4/ states and the low pressure phase is recovered. 
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Fig. 3.20. Schematic diagram of the electron density of states in YD2.75C60 at 
ambient and high pressure, showing the spilling over of electron density from 
the Yb 4/ band to the 5 d band of Yb with increasing pressure that results in 
the observed unit cell volume collapse. 
When the results from high pressure experiments for both Sm2.7sC6o 
and Yb2.75C6o are compared, the trends observed are very similar to each 
other. The onset pressure of the phase transformation in Yb2.7sC6o (4.30 GPa) 
is found to be slightly higher than that observed for Sm2.75C6o (3.95 GPa). 
This is the good evidence for the influence of substitution of Sm by the Yb 
atom. As it can be seen in the figure 3.1, the energy difference between the 
divalent and the trivalent valence states of both Sm and Yb is very close to 
zero, but while the energy difference of Sm is just above zero, the energy 
difference for Yb is just below zero, i.e. negative [22]. This suggests that the 
divalent state for Yb is more favoured and thus requires more energy for the 
valence transformation to occur, which results in higher onset pressure. It 
should be noted that this is consistent with the observations on the 
temperature-induced valence transitions where the onset temperature of 
NTE for Yb2.75C60 (~60 K) is higher than that observed for Sm2.75C6o (~32 K). 
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3.4 Conclusion 
The investigation of the effect of Yb substitution for Sm in fulleride 
salts with stoichiometry RE2.75C60 and the understanding of their properties 
are crucial in order to generalise the mixed valence phenomena in the family 
of rare-earth fullerides. The temperature and pressure evolution of the 
structural properties of mixed valence Yb2.7sC60 has been studied by 
synchrotron X-ray powder diffraction techniques. The temperature 
dependent studies reveal the abrupt onset of large lattice expansion (NTE) on 
cooling below a critical temperature, resulting from the temperature-induced 
Yb 3 + —• Yb 2 + valence transitions of the Yb ions. The critical temperature is 
found to be sensitively controlled by changing the intercalating metal (32 K 
for Sm and 60 K for Yb) and changing the rate of change of temperature (20 K 
for stepwise slow cooling and 60 K for fast cooling). The transformations are 
of electronic origin and are driven by the coupling of the Yb 4/ band and the 
tiu band of Ceo- As expected, they are absent when the electronically active 4/ 
sublattice is missing in the related alkaline-earth fulleride, Ca2.7sC60. 
Pressure-induced first-order Yb 2 + —> Yb 3 + valence transitions of the Yb 
ions have also observed in the same material, accompanied by a lattice 
collapse. The abrupt transition was observed as pressure reached a critical 
value where the band gap between the Yb 4/ and 5 of band approaches zero or 
start to overlap allowing electrons from the 4/ band to be spilled into the 5d 
band. The effect of substitution was evident on the onset pressure of the 
transition in Yb intercalated fulleride where it was found to be slightly 
higher than that found in the Sm analogue (3.95 GPa for Sm and 4.30 GPa for 
Yb). 
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With the use of synchrotron powder X-ray diffraction technique, the 
temperature and pressure evolution of the lattice parameters have been 
precisely investigated. The average valence change with temperature was 
extracted by the results of temperature dependent magnetic measurements 
at 1 T, giving estimated values of+2.20 at room temperature and +2.06 below 
35 K [23]. However, precise knowledge of the temperature and pressure 
evolution of the 4/ occupation is still lacking due to the technical problems in 
obtaining direct experimental information about the valence states of the 
extremely air and moisture sensitive materials using XAS experiments. 
Recent developments of X-ray spectroscopic techniques at third-generation 
synchrotron facility have opened new opportunities to test the theoretical 
predictions. Indeed high-resolution XAS and RIXS at the Yb la absorption 
edges has been successfully employed to measure both the temperature and 
pressure dependence of the valence for various Yb based Kondo insulators [36, 
37]. It is expected that these techniques can also be employed to obtain very 
precise and direct information on the electronic configuration of Yb2.7sC60 and 
to provide quantitative spectroscopic evidence of the valence transition. 
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CHAPTER 4 
Mixed Valence transitions 




Since the discovery of fullerenes, studies on the intercalation of a wide 
variety of atoms or molecules in the fullerene lattice have attracted 
considerable interest. Such an intense effort has led to the preparation of 
rare-earth based fullerides with composition, RExC6o (x= 1 - 6) [ l , 2]. So far, 
phases containing Sm, Eu, and Yb dopants are known [3"7] with varied 
properties such as superconductivity [8, 9], ferromagnetism [10], giant 
magnetoresistance [ l l ] , negative thermal expansion [12, 13] and first-order 
lattice collapse [14]. 
For Eu-doped C6o, two different phases of nominal composition EU2.75C60 
and Eu6C6o have been reported. The former adopts a vacancy-ordered fee 
superstructure [15] and is paramagnetic, while the latter is isostructural 
with bee AeCeo (A = alkali metal) displaying a transition to a ferromagnetic 
state near 14 K which is accompanied by a very large negative 
magnetoresistance [ l l ] . Their magnetic behaviour can be understood by 
considering the valence state of Eu ions since the magnetic moment of Eu 2 + 
(8S7/2) is 7.94 U B , while Eu 3 + (7Fo) is nonmagnetic. In the case of EueCeo, the 
experimentally determined magnetic moments suggest that the Eu ions are 
in the divalent state [1,10] consistent with that was derived from X-ray 
photoelectron spectroscopy measurements [16]. The ferromagnetic exchange 
interactions between the 4/ electrons are modulated by the TI(C6O) orbitals 
due to hybridization between the 5dand 65 orbitals of Eu and the t i g orbitals 
of Ceo- The valence state of Eu in EU2.75C6O has been reported to be in the 
mixed valence state. Ksari-Habiles et al. [6] have predicted the presence of 
Eu 3 + ions from the magnetic saturation moment, which varied between 4.5 
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and 5 UB , instead of 7 |iB that would be expected if all the Eu ions were 
divalent. In the same report, 1 5 1 Eu Mossbauer spectroscopy measurements 
were also performed on powdered Eu~3C60 samples, where the average 
valence state was calculated to be ~+2.33. This was followed by detailed 
1 5 1 Eu Mossbauer spectroscopy measurements as a function of temperature, 
which indicated the slight change in their Eu 2 +/Eu 3 + ratio as they were cooled 
down [17]. 
Our focus has been directed towards the structural study of the mixed 
valence phenomena associated with the rare-earth intercalated Ceo with 
stoichiometry, RE2 .75C60 (RE = Sm, Eu, and Yb). So far, we have seen a 
remarkable sensitivity of the rare-earth valency to external stimuli 
(temperature, pressure) in Sm- and Yb2.7sC6o [12-14, and chapter 3]. Here in 
this chapter, the results from the studies on the structural and magnetic 
properties of the related rare-earth fulleride, EU2.75C6O and of polycrystalline 
samples of (Smi-xEux)2.75C6o (x= 1/3 and 2/3) will be presented. The study of 
Eu-substituted Sm2.7sC60 compounds as a function of temperature and 
pressure can provide further information on clarifying the roles of the size 
and electronic structure in inducing the valence transition in RE2 .75C60. The 
lattice constants of EuS and SmS are comparable [18], and therefore the 
lattice size of EU2.75C60 and S1112.75C6O is expected to be also similar. These 
samples were measured by the high-resolution synchrotron X-ray powder 
diffraction technique on beamline ID31 to obtain temperature dependent 
diffraction data and on beamline ID09 to obtain the pressure evolution of the 
structure. 
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4.2 Temperature-induced valence transition 
So far, NTE has been successfully observed in RE2.75C60 (RE = Sm, Yb). 
In order to explore the occurrence of a temperature-dependent valence 
transition in Eu intercalated fullerides, synchrotron X-ray powder diffraction 
measurements were performed on EU2.75C60 and the co-intercalated SnrEu 
compounds, (Smi-xEux)2.75C60 as a function of temperature. EU2.75C60 and 
Sm2.75C6o are isostructural and isoelectronic rare-earth fullerides but 
changing the nature of the rare-earth cation sublattice from Sm to Eu could 
affect the NTE behaviour. 
4.2.1 Experimental Details 
EU2 .75C60 and (Smi-xEux)2.75C6o samples were prepared inside an 
atmosphere controlled glove-box by reaction of stoichiometric quantities of 
degassed C60, Sm and Eu powder (Table 4.1). These powders were first 
mixed well and pressed into pellets. Then they were placed in a tantalum 
tube and sealed inside a quartz tube filled with helium gas at 300 mbar. The 
annealing process used for Sm2.7sC60 was also applied for these compounds, 
and the tube was placed in a pre-heated furnace at 575°C for 3 days with one 
intermediate grinding after the second day. After completing the annealing, 
few milligrams of the samples were sealed in thin-wall glass capillaries of 
diameter 0.5 mm for the powder X-ray diffraction measurements. Prior to 
the synchrotron X-ray measurements, the samples were checked using a 
laboratory X-ray diffractometer (Fig. 4.1). 
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Table 4.1. Quantities of reactants used for synthesising the (Smi-xEux)2.75C6o 
samples and the final mass of the product following the annealing protocols. 











( x = l ) n/a 
58.0 mg 
3.817 x 10 4mol 
100 mg 
1.388 x 10"4mol 154 mg 
(Smi/3EU2/3)2.75C60 
(x = 2/3) 
19.1 mg 
1.272 x 10 4mol 
38.7 mg 
2.544 x 10 4mol 
100 mg 
1.388 x lO^mol 153 mg 
(SrQ2/3Eui/3)2.75C60 
(x = 1/3) 
38.0 mg 
2.544 x 10"4mol 
19.0 mg 
1.272 x 10 4mol 
100 mg 
1.388 x 10-4mol 
154mg 
Sm2.75C60 
(x = 0) 
57.4 mg 
3.817 x 10-4mol 
n/a 100 mg 








I 1 1 
X = 1 
Fig. 4.1. X-ray diffraction profile of EU2.75C60 collected with the Siemens 
D5000 powder diffractometer ( C u - ^ radiation) at room temperature. 
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However, the obtained diffraction patterns using C u - ^ radiation were 
very poor in intensities, as they suffered from severe absorption problems. 
More than ever, these samples require the use of synchrotron radiation for 
further analysis. The magnetic properties were determined by SQUID 
magnetisation measurements on about 10 mg from each sample that were 
sealed in quartz SQUID tubes. 
Synchrotron X-ray diffraction profiles for EU2.75C60 were collected on 
heating between 4 and 295 K using a liquid-helium cryostat in continuous 
scanning mode with the high-resolution powder diffractometer on beamline 
ID31 at the ESRF. The sample was first cooled down to 4 K at a cooling rate 
of 4 K/min. The data were collected at various temperatures while the 
sample was heated slowly (at a rate of 0.5 K/min in the low temperature 
region) up to room temperature. A monochromatic X-ray wavelength, X = 
o 
0.42977 A was used and the collected data were rebinned to a step of 0.002° in 
the 26 range 1.8° - 25°. The diffraction data of two samples prepared from 
SnrEu co-intercalation with nominal composition, (Smi-xEux)2.75C60 (AT = 1/3, 
2/3) were also collected at the same beamline. For (Sm2/3Eui/3)2.75C60, the 
data were collected on both heating from 5 to 290 K and slow cooling from 300 
to 5 K using X-ray wavelengths, X = 0.85045 A and 0.8010 A, respectively. 
For (Smi/3Eu2/3)2.75C60, the data were collected using X-ray wavelength, X = 
0.42977 A on heating between 4 and 295 K. Data analysis was performed 
with the GSAS suite of Rietveld analysis programs. 
4.2.2 Magnetisation Measurements 






o 0.8 50 o 
o LU 1/% = -1.83 + 0.1346*7 








0 50 100 150 200 250 300 
Temperature (K) 
Fig. 4.2. Temperature dependence of the magnetic susceptibility, % (open, left scale) and its reciprocal, l / x (grey, right scale) at H 
= 1 T for Eu2.75C6o. 
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Fig. 4.3. The temperature dependence of the ZFC (open circle) and FC (full circle) magnetisation in a field of 50 Oe for: a ) 
EU2.75C6O (x= l ) ; b) (Smi/3EU2/3)2.75C60 (x= 2/3); c) (Sm2/3Eui/3)2.75C6o (x= 1/3). 
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susceptibility obtained at 1 T plotted against temperature for EU2.75C60. It is 
clear that a small ferromagnetic impurity with 7fc near 70 K is present. 
Similar behaviour was observed for EuxC60, x = 4-6 [ l ] and attributed to the 
presence of EuO (7fc=70 K) [19]. The data in the range 100-300 K were fitted 
with a Curie-Weiss law, providing an effective magnetic moment, //eff = 7.71 
U B per Eu ion (Fig 4.2) and implying that Eu is present as essentially Eu 2 + . 
Temperature dependence of magnetisation in a weak field of 50 Oe for 
(Smi-xEux)2.75C6o (x= 1-1/3) (Fig. 4.3) which also shows a steep increase of 
magnetisation below 20 K, indicating a ferromagnetic transition. 
4.2.3 Structure Analysis 
Fig. 4.4 shows the synchrotron X-ray powder diffraction profiles 
obtained for different concentration of Sm at room temperature (A, = 0.80161 
A) in order to check the phase purity of the samples before carrying out 
detailed temperature-dependent experiments. The concentration of the Sm 
was carefully controlled by changing the relative ratio of Eu and Sm mass 
during preparation of the samples, starting from x = 1 for EU2.75C60, x = 2/3 
for (Smi/3Eu2/3)2.75C60, x = 1/3 for (Sm2/3Eui/3)2.75C6o, and x= 0 for Sm2.7sC6o. 
Inspection of the diffraction profiles of (Smi-xEux)2.75C60 shows no significant 
changes with variation of Sm concentration, indicating that they are 
isostructural and that all adopt the orthorhombic superstructure (space 
group Pcab, option 2). As in Sm2.7sC6o, the observed superstructure in arises 
from long-range ordering of tetrahedral (Td) Eu/Sm defects. 
A selected region of the normalised diffraction profiles of the same data 
sets is shown in Fig. 4.5a, displaying the evolution of the (444) Bragg 
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Fig. 4.4. Synchrotron X-ray powder diffraction profiles of (Smi-xEux)2.75C6o at 295 K (X - 0.8016 A); a) E112.75C60 Or - l); b) 
(Smi/3Eu2/3)2.75C6o Cr= 2/3); c) (Srm/sEu 1/3)2.75060 (x= 1/3); and d) Sm2.75C6o (x= 0). 
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Fig. 4.5. (a) Selected region of the synchrotron X-ray powder diffraction profiles of (Smi-xEux)2.75C6o showing the evolution of the 
(444) Bragg reflection with x. (b) The unit cell volume vs nominal concentration, x of Eu. The volume changes quasHinearly 
with x, following Vegard's law. 
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reflection with change in concentration of Sm. However, an unexpected 
feature of the data is that the diffraction peaks shift to higher angles as the 
concentration of Sm increases, thus resulting in small lattice parameters 
despite what is expected from the lanthanide contraction expectations. 
The lattice constants from each diffraction profile were extracted with 
the Lebail pattern decomposition technique (Table 4.2), and the obtained unit 
cell volume evolution against the nominal Eu concentration is plotted in Fig. 
4.5b. The plot shows that the unit cell volume changes quasHinearly with 
the change in the Eu-Sm ratio (Vegard's law), confirming the formation of 
solid solutions at x= 2/3 and 1/3. 
Table 4.2. The extracted values for the unit cell volume and the lattice 
constants for (Smi-xEux)2.75C60. 
Sample Volume (A3) a (A) b (A) c (A) 
a: Eu2.75C6o 22494.3(5) 28.2296(2) 28.2664(2) 28.1901(2) 
b: (Smi/3Eu2/3)2.75C6o 22468.3(5) 28.2187(2) 28.2556(2) 28.1791(2) 
c: (Sm2/3Eui/3)2.75C6o 22410.4(5) 28.1945(2) 28.2312(2) 28.1550(2) 
d: Sm2.75C6o 22395.0(5) 28.1871(2) 28.2243(2) 28.1509(2) 
These results also imply that the effective ionic radii of Sm and Eu are 
similar. Some slight broadening in the widths of the diffraction peaks for the 
mixed compositions possibly reflects the presence of small inhomogeneities. 
Rietveld refinement of the structure of EU2.75C60 at room temperature 
was carried out using the same structural model employed for both Sm2.75C6o 
and Yb2.75C6o- The results of the final refinement at room temperature with 
fitted parameters are summarised in Table 4.3. In the case of the mixed 
composition, (Smi-xEux)2.75C6o, the Rietveld refinement was initiated by using 
the same structural model, but assuming that the Sm and Eu ions are fully 
disordered in the Td and Oirsites of the lattice. 
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Table 4.3a. Refined parameters of EU2.75C60 obtained from the Rietveld 
refinement of the synchrotron X-ray diffraction data at room temperature. 
Estimated errors in the last digit are given in parentheses. The space group 
is Pcab (No.61, option 2). The X-ray wavelength is 0.80161 A. The values of 
the lattice constants are a = 28.2296(2) A, b = 28.2664(2) A, c = 28.1901(2) A, 
V = 22494.3(5) A 3; agreement factors, x 2 = 7.83, R w p = 9.27% and RexP=3.31%. 
The shape of the C60 molecules was constrained to icosahedral symmetry 
o 
with a cage diameter of 7.01 A and all OC bond length fixed to a value of 1.44 
A. 240 independent C atoms are needed to define the 32 C60 molecules 
present in the unit cell. The five symmetry-inequivalent Ceo molecules in the 
unit cell, C 6 0 (l) at (000), C6o(2l) at (OV*1/*), C6o(22) at (MOV*), C60(23) at O/^O), 
and C6o(3) at {V2V2V2), were rotated anticlockwise by 37.5° about their local 
[ i l l ] , [ i l l ] , [ I I I ] , [ I I I ] , and [ i l l ] symmetry axes, respectively. The 
fractional occupancy of the C atoms was fixed to 1. Refinement of the 
fractional occupancies of the Eu atoms resulted in a nominal stoichiometry of 
EU2.751(1)C60-
Site x/a y/b z/c Occupancy BM 
Eu(ll) 8c 0.1371 (4) 0.1170 (5) 0.3870 (5) 0.975 (2) 4.43 (3) 
Eu (12) 8c 0.3870 (5) 0.1371 (4) 0.1170 (5) 0.975 (2) 4.43 (3) 
Eu (13) 8c 0.1170 (5) 0.3870 (5) 0.1371 (4) 0.975 (2) 4.43 (3) 
Eu (21) 8c 0.1339 (5) 0.3704 (5) 0.3800(5) 0.975 (2) 4.43 (3) 
Eu (22) 8c 0.3800(5) 0.1339 (5) 0.3704 (5) 0.975 (2) 4.43 (3) 
Eu (23) 8c 0.3704 (5) 0.3800(5) 0.1339 (5) 0.975 (2) 4.43 (3) 
Eu (3) 8c 0.378 (3) 0.377 (3) 0.377 (3) 0.975 (2) 4.43 (3) 
Eu (4) (vacancy) 8c 0.122 (3) 0.123 (3) 0.123 (3) 0.17 (1) 4.43 (3) 
Eu (51) 8c 0.2027 (1) 0.2027 (1) 0.2027 (1) 0.948 (4) 2.75 (4) 
Eu (52) 8c 0.0473 (1) 0.0473 (1) 0.2027 (1) 0.948 (4) 2.75 (4) 
Eu (53) 8c 0.2027 (1) 0.0473 (1) 0.0473 (1) 0.948 (4) 2.75 (4) 
Eu (54) 8c 0.0473 (1) 0.2027 (l) 0.0473 (1) 0.948 (4) 2.75 (4) 
Eu (61) 8c 0.2027 (1) 0.315 (4) 0.315 (4) 0.052 (4) 2.74 (4) 
Eu (62) 8c 0.0473 (1) -0.065 (4) 0.315 (4) 0.052 (4) 2.74 (4) 
Eu (63) 8c 0.315 (4) -0.065 (4) 0.0473 (1) 0.105 (9) 2.74 (4) 
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Table 4.3b. Nearest Eu-C contacts for the T d sites at 295 K in A. 
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4.2.4 Temperature Evolution 
i) EU2.75C60 
Inspection of the diffraction profiles obtained using stepwise heating 
protocol for EU2.75C60 at various temperatures between 4 and 295 K revealed 
that they show no changes in relative peak intensities throughout the whole 
temperature range (Fig. 4.6a). The temperature dependence of the data 
reveals that the angular position of the diffraction peaks at low temperatures 
shifts to higher angles in a quasi-continuous fashion on heating, which 
implies the material contracts as the temperature increases above 4 K. This 
trend continues until T reaches 90 K, where the diffraction peak shift 
changes towards lower angle implying that normal behaviour is restored 
above 90 K with the lattice smoothly expanding on heating to 295 K (Fig. 
4.6b). The NTE behaviour in EU2.75C60 is found at substantially higher 
temperature (-90 K) than in Sm2.75C6o (32 K) and Yb2.75C6o (60 K). Careful 
inspection of these diffraction profiles revealed that there were two features 












T = 4K 
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T = 200 K 
10 15 20 
29 (°) 
Fig. 4.6. Synchrotron X-ray (A, = 0.4298 A) powder diffraction profiles of E U 2 . 7 5 C 6 0 ! a) at 4, 90 and 200 K, and b) selected region of 
the diffraction profiles showing the temperature evolution of the (444) Bragg reflection as obtained on heating (continued) 
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Fig. 4.6. (continued) from 4 to 300 K. Trace a) 4 K (blue); b) 32 K; c) 40 K; d) 
90 K (red); e) 200 K (grey dashed). The peak shifts to higher angle (lattice 
contraction) on heating from 4 to 90 K and then to lower angles (lattice 
expansion) on further heating to room temperature. The apparent shoulders 
are observed for traces a, b, and c, but disappear for traces d and e. 
They are: a) the apparent phase separation in the temperature region where 
NTE is observed, where the major phase contracts and the minor phase 
expands on heating - this phase separation is not apparent above 90 K, 
where no NTE is observed, and b) two distinct steps in lattice contraction 
including zero expansion between 44 and 60 K. 
Refinement of the structure at low temperatures was attempted by 
2-phase Rietveld analysis initiated by assuming that both phases are in the 
orthorhombic space group Pcab with Eu cations occupying off-centred Td and 
Oh interstitial sites. Fig. 4.7 shows the result for E U 2 . 7 5 C 6 0 at 4 K. The lattice 
parameters of the major phase determined by the Rietveld refinements at 4 K 
are: a = 28.2596 (2) A, b = 28.2963 (2) A, c = 28.2200 (2) A, V = 22565.9 (5) A 3 , 
weight fractions are 0.891(2) for major phase and 0.109(3) for minor phase, 
and agreement factors, y} - 6.61, R w p = 7.88%, R e x p = 1.82%. The Rietveld 
refinements were carried out using the 2-phase structural model up to 90 K 
and the 1-phase model was employed above 90 K in order to extract the 
lattice constants and weight fraction as a function of temperature. The 
refined parameters obtained at 4 and 300 K are tabulated and compared in 
Table 4.4. 
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Table 4.4. Lattice dimensions and profile parameters for E112.75C60 at 4 and 
300 K. 
Temperature: 4 K 300 K 
Instrumental parameters'-
XiK) 0.4298 0.4298 
A28 (xlOO, °) 9.674 (4) 0.13 (2) 
26 range (°) 3.1 - 21 3.1 - 21 
Step size (°) 0.002 0.002 
Lattice parameters: 
a (A) 28.2596 (2) 28.2296 (2) 
b(A) 28.2963 (2) 28.2664 (2) 
c(A) 28.2200 (2) 28.1901 (2) 
V(A3) 22565.9 (5) 22494.3 (5) 
Wt. Fraction (%): 0.9003 (3) -(-) 
Peak profile coefficient: Type 3 Type 3 
GU, GV, 111.6 (8), -8.58 (8), 40.0 (5), -6.11 (2), 
GW 0.125 (5) 0.378 (2) 
Lx, Ly 0.94 (1), 13.6 (2) 1.40(2), 13.8 (2) 
S/L, H/L 0.002, 0.0005 0.002, 0.0005 
L l l , 0.55xl0-2, -0.12X10 1, 
L22, L33 0.19xl0-2,-0.35xl0-3 0 . 1 4 X 1 0 1 , 0.51x10" 
L12, -0.37x10-2, 0 . 4 3 X 1 0 2 , 
L13, L23 -O.llxlO"2, 0.35X10 3 -0.16x10-3.-0.84x10 
Agreement factors: 
Rwp (%), Rexp (%), x2 2.70, 2.50, 1.04 9.27, 3.31, 7.38 
The temperature evolution of the unit cell volume and of the weight fraction 
of both major and minor phases is shown in Fig. 4.8a and the calculated 
thermal expansivity, av (= dlnP7d7) is plotted in Fig. 4.8b. The lattice 
constants of the major phase contract in two distinct steps, where first they 
decrease quasi-continuously with the rate of contraction gradually increasing, 
in absolute value, on heating to a maximum of -335 ppm/K at 44 K. Then this 
rapidly approaches zero at 48 K. 
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Fig. 4.7. Observed (o) and calculated (solid line) synchrotron X-ray powder diffraction profiles of EU2.75C60 0 i = 0.4298 A, T= 4 K). 
The lower solid line shows the difference profile and the tick marks show the reflection positions. Some weak impurity peaks 
were excluded, [inset- Blowup of the (844) Bragg reflection, showing the two sets of peaks, where the reflection position of 










t— i— i— i—|—i—i— i— i—|—i—i—i—r 
(a) 
0.8 c g 
t5 0.6 
J I I I I I I 1 
: A A A 
1 1 i 
A 
A 
1 1 1 [ 
A A A " 
f A A A 
- i , , , , i , . 
A 
A 
















50 300 100 150 200 250 300 0 100 200 
Temperature (K) Temperature (K) 
Fig. 4.8. Temperature evolution of (a) unit cell volume of EU2.75C60, where major phase (phase l) is represented by red triangles 
and minor phase (phase 2) by blue triangles [inset-' weight fractions of the two phases at temperatures between (continued) 
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Fig. 4.8. (continued) 4 and 90 K], (b) the coefficient of thermal expansion, av = 
din V/dT, for phase 1 and (c) for phase 2. 
The thermal expansivity remains zero up to 60 K, then it increase again at 70 
K up to second maximum of -110 ppm/K, which then changes its sign to 
positive above 90 K (Fig 4.8b). This behaviour leads to an overall decrease in 
lattice size of 0.82% in two distinct steps between 4 and 90 K (0.55% in first 
step and 0.27% in second step). On the other hand, the unit cell volume of the 
minor phase increases slowly on heating at a rate of ~+10 ppm/K towards 90 
K, comparable to that typically encountered in other metal fullerides salts in 
this temperature range [20] (Fig. 4.8c). Above 90 K, the phase separation is 
no longer apparent and the lattice size increases on heating to 295 K at a rate 
of approximately +25 ppm/K. 
ii) (Smi/3EU2/3)2.75C60 
The temperature evolution of the diffraction profiles for 
(Smi/3Eu2/3)2.75C60 were followed on ID31 (X = 0.42977 A) on heating between 
4 and 295 K. The data were re-binned to a step of 0.002° in the range 1.7° -
15.1° for further analysis. 
The diffraction profile at 4 K was similar to that measured for E U 2 . 7 5 C 6 0 , 
implying that this compound also adopts the cation-vacancy ordered 
superstructure. Phase separation was also observed at low temperatures. 
The initial model used for the Rietveld refinements were directly imported 
from the structural model of E U 2 . 7 5 C 6 O at 4 K, assuming that both Sm and Eu 
atoms are randomly distributed in the Ta and Oh interstitial sites with the 
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fractional occupancy of Eu atoms twice as large as that of Sm atoms. The 
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Fig. 4.9. Synchrotron X-ray powder diffraction profile of (Smi/3Eu2/3)2.75C6o at 
4 K. Intensities of observed and calculated peaks are shown in blue circle 
and red solid line, and the difference profile is shown as a black solid line, 
respectively. Some impurity peaks were removed in the course of refinement. 
The final refinement yielded the following lattice parameter values-
major phase (phase l ) a = 28.2362(2) A, b = 28.2729(2) A, c = 28.1968(2) A, V 
= 22510.0(5) As, and minor phase (phase 2) a = 28.1612(13) A, b = 28.1978(13) 
A, c = 28.1218(13) A, V = 22331.0(3.1) A 3 , with weight fractions for major 
phase of 0.8764(4) and minor phase 0.1236(31), and agreement factors, y} = 
3.013, RWp = 7.21%, R^ xp = 4.15%. 
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As seen in Fig. 4.10, the diffraction profiles obtained at various 
temperatures clearly provides evidence for NTE with the angular position of 
diffracted peaks at low temperatures shifting quasi-continuously to higher 
angles on heating. This shift continues up to 90 K, where it changes its 
direction towards lower angles on further heating. The phase separation also 
disappears at this temperature. The Rietveld refinements were carried out 
using a 2-phase structural model up to 90 K and a 1-phase model above 90 K. 
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Fig. 4.10. Selected region of the synchrotron X-ray (X = 0.4298 A) powder 
diffraction profiles of (Smi/3Eu2/3)2.75C6o, showing the temperature evolution 
of the (444) Bragg reflection. Trace a, 4 K; b, 28 K; c, 32 K; d, 90 K; and e, 200 
K. The peak shifts to higher angle (lattice contraction) on heating from 4 to 
90 K and then to lower angles (lattice expansion) on further heating to room 
temperature. Apparent second peaks are observed in traces a, b, and c, but 
disappear in traces d and e. 
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The extracted temperature evolution of lattice constants and weight 
fractions is plotted in Fig. 4.11a. The thermal expansivity for both phases was 
calculated from the extracted unit cell volume and plotted against 
temperature in Fig. 4.11b,c. 
The NTE behaviour observed in the major phase of (Smi/3Eu2/3)2.75C60 
shows two step lattice responses with near zero thermal expansion at 
around 40 and 50 K. As the temperature slowly increases above 4 K, the 
lattice parameters contract steeply until the temperature reaches 40 K with a 
maximum thermal expansivity of -460 ppm/K. Then this rapidly decreases to 
zero until the lattice parameters begin to decrease again around 60 K. The 
contraction rate between 50 and 90 K is very small compared to that for the 
lower temperature region with the thermal expansivity only going through a 
second maximum of -30 ppm/K. This behaviour leads to an overall decrease 
in lattice size of 0.62% in two distinct steps between 4 and 90 K (0.55% in first 
step and 0.07% in second step). Phase 2, on the other hand, shows very slow 
expansion towards 90 K with an average thermal expansivity of +3 ppm/K. 
The phase separation is no longer apparent above 90 K and the unit cell 
volume continuously expands with increasing temperature. 
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Fig. 4.11. Temperature evolution of (a) unit cell volume of (Smi/3Eu2/3)2.75C60, where the major phase (phase l) is represented by-
red triangles and the minor phase (phase 2) by blue triangles [inset- weight fractions of the two phases at temperatures 
between 4 and 80 K], the coefficient of thermal expansion, av = dlnl^d7^ of (b) phase 1 and (c) phase 2. 
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l i O (Sm2/3Eui/3)2.75C60 
The synchrotron X-ray powder diffraction profiles of (Sm2/3Eui/3)2.7sC6o 
were collected on ID31 (X = 0.85045 A) first on heating from 5 to 295 K. The 
same sample was cooled down slowly with a stepwise cooling protocol from 
299 to 5 K (X = 0.8010 A). Al l data obtained were rebinned to a step of 0.003° 
in the range 3.0° - 30.1°. The temperature evolution of the Bragg (444) 
reflection at selected temperature is shown in Fig. 4.12 for both heating and 
cooling measurements. 
11.90 
d e a b 
5K—>295K 299K—>5K 
11 30 12.00 12.05 11.95 11.35 
Fig. 4.12. Selected region of the synchrotron X-ray powder diffraction profiles 
of (Sm2/3Eui/3)2.75C6o, showing the temperature evolution of the (444) Bragg 
reflection (a) on heating from 5 to 295 K and (b) on cooling from 299 to 5 K. 
Plot (a) shows the trace obtained while heating from 5 to 290 K (continued) 
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Fig. 4.12. (continued) (X = 0.85045 A), a) 5 K; b) 20 K; c) 30 K; d) 50 K; e) 80 K; 
and f) 290 K. The peak shifts to higher angle (lattice contraction) on heating 
from 4 to 80 K and then to lower angles (lattice expansion) on further heating 
to room temperature. Apparent second peaks are observed in traces a, b, c, 
and d but disappear in traces e and f. The plot (b) shows the trace obtained 
on stepwise cooling from 299 to 5 K (X = 0.8010 A), a) 299 K; b) 120 K; c) 60 K; 
d) 40 K; and e) 5 K. Here, the peak shifts to higher angle on cooling from 299 
K to 120 K (lattice contraction), then to lower angles on further cooling down 
to 60 K (lattice expansion), and again shifts to higher angle down to 5 K 
(lattice contraction). The width of the peak at very low temperature broadens 
and may represent the occurrence of phase separation, but it is not broad 
enough to resolve the existence of a second phase. 
Fig. 4.12a shows clear sign of phase separation at low temperatures 
(between 5 and 60 K). However, inspection of the diffraction data shows that 
the angular position of both phases shifts to higher angles on heating, 
implying that both phase experiences NTE in this temperature region. The 
diffraction peak sharpens at around 70 K and phase separation disappears at 
80 K, where normal behaviour is observed on further heating. The 
temperature evolution of the unit cell volume was extracted from the 
diffraction profile by Rietveld refinement at all temperature (Fig. 4.13a). The 
refinements were performed using the same structural model of 
(Smi/3Eu2/3)2.75C60 with the assumption that the fractional occupancy of the 
Sm is always twice as large as that of Eu in the same interstitial sites. 
The extracted lattice parameters for phase 1 at 5 K are a = 28.2787(2) A, 
b = 28.3154(2) A, c = 28.2392(2) A, V = 22613.6(6) A 3 , while for phase 2 they 
are a = 28.1987(10) A, b = 28.2353(10) A, c = 28.1594(10) A, V = 22425.8(2.2) 
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Fig. 4.13. Temperature evolution of (a) unit cell volume of (Sm2/3Eui/3)2.7sC6o on heating, where phase 1 (phase 2) is represented 
by red (blue) upward triangles [inset-' weight fractions of the two phases between 5 and 60 K]. Phase 1 is major phase between 
5 and 45 K, but becomes minor phase above 45 K until phase separation disappears. The coefficient of thermal expansion, av = 
din VAT, for (b) phase 1 and (c) phase 2. 
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0.200 (3) for phase 2, and the agreement factors x 2 = 7.301, Rwp = 4.45%, R e x p 
= 1.65%. As temperature increases above 5 K, both phases show anomalous 
lattice responses which continue up to 80 K. Phase 1 experiences NTE with 
two distinct steps, as it initially contracts slowly above 4 K then the rate of 
contraction increases, in absolute value, towards -350 ppm/K until it rapidly 
decreases to zero at 40 K, and remains close to zero up to 60 K. Above 60 K, 
the thermal expansivity shows an abrupt jump towards a maximum of -720 
ppm/K and once again it decreases towards zero at around 80 K, where it 
reaches the minimum unit cell volume (Fig. 4.13b). This behaviour leads to 
an overall decrease in lattice size of 1.41% (0.68% in first step and 0.75% in 
second step). The unit cell volume of phase 2 also contracts continuously 
with increasing temperature and goes through a maximum thermal 
expansivity of -395 ppm/K at 35 K and then rapidly approaches zero at 80 K 
(Fig. 4.13c). The overall decrease in lattice size for phase 2 is much smaller 
compared to that for phase 1, resulting in a decrease of 0.58% done in a single 
step. As seen in the inset of Fig. 4.12a, phase 1 is the major phase at 
temperatures between 5 and 45 K, but above this temperature, phase 2 
becomes the major phase. Above 80 K, the sign of thermal expansivity 
changes to positive and the unit cell volume continuously expands with 
increasing temperature up to 295 K. 
Diffraction data were also collected using a stepwise cooling protocol on 
the same batch of sample in order to find out any hysteretic behaviour 
associated with the transition. Starting from room temperature, the sample 
was cooled down inside the cryostat, where the diffraction profiles were 
collected at each temperature step. The temperature dependence of the 
angular position of the diffraction peaks at selected region and temperatures 
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is shown in Fig. 4.12b. Initially, starting from 299 K, the peak shifts to higher 
angles, implying lattice contraction on cooling down to 120 K, where the 
diffraction peaks clearly start to shift to lower angles on further cooling. This 
implies that the onset temperature of NTE behaviour in (Srri2/3Eui/3)2.75C60 
when slowly cooled is seen at the substantially higher temperature of 120 K 
(80 K for heating). The NTE behaviour continues until the temperature 
reaches 60 K, then it shows no further change (ZTE) on cooling to 40 K. On 
further cooling, surprisingly, the diffraction peaks start to shift to higher 
angle, which implies that the anomalous lattice responses disappears and 
normal contraction on cooling is retrieved below 40 K. 
The Rietveld refinement of the structure of (Sm2/3Eui/3)2.75C6o at 5 K 
was carried out using the same structural model that was employed for the 
earlier data analysis, but without phase 2. The values of the lattice 
parameters obtained from the Rietveld refinement of the diffraction data at 5 
K are: a = 28.2029(3) A, b = 28.2114(3) A, c = 28.1944(3) A, V = 22432.8(6) 
and agreement factors x 2 = 4.60, R w p = 5.35%, R e x p = 2.49%. The results of the 
final refinement are shown in Fig. 4.14. 
Extraction of lattice constants was performed with the LeBail pattern 
decomposition technique using the space group Pcab at all temperatures and 
the obtained temperature evolution of the unit cell volume on cooling is 
plotted in Fig. 4.15. A surprising feature of the cooling data is that they show 
three distinct steps in the temperature evolution of the unit cell volume. The 
first step is NTE (maximum thermal expansivity reaching -120 ppm/K and 
overall volume increase of 0.60%), followed by ZTE, and then positive 
thermal expansion (maximum contraction rate of +90 ppm/K and overall 
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Fig. 4.14. Observed (o) and calculated (solid line) synchrotron X-ray powder diffraction profiles for (Sni2/3Eui/3)2.75C6o (A, = 0. 
8010 A, T= 5 K) on cooling. The lower solid line shows the difference profile and the tick marks show the reflection positions. 
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Fig. 4.15. Temperature evolution of the unit cell volume of (Sm2/3Eui/3)2.75C6o 
on cooling (downward blue tringles) and on heating in upward triangles (red 
for phase 1 and blue for phase 2) [inset- the coefficient of thermal expansion, 
av = dln^d7l . 
The refined parameters at 5 K for both warming and cooling measurements 
are tabulated and compared in Table 4.5. 
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Table 4.5a. Refined structural parameters for (Sm2/3Eui/3)2.7sC60 at 5 K 
obtained from the Rietveld refinement of the synchrotron X-ray diffraction 
data using slow cooling protocol. 
Site x/a y/b z/c Occupancy B(A=0 
Sm(ll) 8c 0.1363 (5) 0.1184 (7) 0.3853 (5) 0.629 (1) 2.3 (1) 
Sm(l2) 8c 0.3853 (5) 0.1358 (4) 0.1184 (7) 0.629 (1) 2.3 (1) 
Sm(l3) 8c 0.1184 (7) 0.3853 (5) 0.1358(4) 0.629 (1) 2.3 (1) 
Sm(2l) 8c 0.1332 (5) 0.3700 (5) 0.3772(6) 0.629 (1) 2.3 (1) 
Sm(22) 8c 0.3772(6) 0.1332 (5) 0.3700 (5) 0.629 (1) 2.3 (1) 
Sm(23) 8c 0.3700 (5) 0.3772(6) 0.1332 (5) 0.629 (1) 2.3 (1) 
Sm(3) 8c 0.376 (2) 0.387 (1) 0.374 (2) 0.629 (1) 2.3 (1) 
Sm(4) (vacancy) 8c 0.124(2) 0.113(1) 0.126(2) 0.261 (5) 2.3 (1) 
Sm(5l) 8c 0.2045 (1) 0.2045 (1) 0.2045 (1) 0.609 (2) 1.8 (2) 
Sm(52) 8c 0.0455 (1) 0.0455 (1) 0.2045 (1) 0.609 (2) 1.8 (2) 
Sm(53) 8c 0.2045 (1) 0.0455 (l) 0.0455 (1) 0.609 (2) 1.8 (2) 
Sm(54) 8c 0.0455 (1) 0.2045 (1) 0.0455 (1) 0.609 (2) 1.8 (2) 
Sm(6l) 8c 0.2045 (1) 0.304 (2) 0.304 (2) 0.057 (2) 1.8 (2) 
Sm(62) 8c 0.0455 (1) -0.054(2) 0.304 (2) 0.057 (2) 1.8 (2) 
Sm(63) 8c 0.304 (2) -0.054(2) 0.0455 (1) 0.115 (4) 1.8 (2) 
Eu(ll) 8c 0.1363 (5) 0.1184 (7) 0.3853 (5) 0.314 (1) 2.2 (1) 
Eu (12) 8c 0.3853 (5) 0.1358 (4) 0.1184 (7) 0.314 (1) 2.2 (1) 
Eu (13) 8c 0.1184 (7) 0.3853 (5) 0.1358 (4) 0.314(1) 2.2 (1) 
Eu (21) 8c 0.1332 (5) 0.3700 (5) 0.3772(6) 0.314(1) 2.2 (1) 
Eu (22) 8c 0.3772(6) 0.1332 (5) 0.3700 (5) 0.314 (1) 2.2 (1) 
Eu (23) 8c 0.3700 (5) 0.3772(6) 0.1332 (5) 0.314 (1) 2.2 (1) 
Eu (3) 8c 0.376 (2) 0.387 (1) 0.374 (2) 0.314(1) 2.2 (1) 
Eu (4) (vacancy) 8c 0.124(2) 0.113(1) 0.126(2) 0.136 (2) 2.2 (1) 
Eu (51) 8c 0.2045 (1) 0.2045 (1) 0.2045 (1) 0.308 (1) 1.8 (2) 
Eu (52) 8c 0.0455 (1) 0.0455 (l) 0.2045 (1) 0.308 (1) 1.8 (2) 
Eu (53) 8c 0.2045 (l) 0.0455 (1) 0.0455 (1) 0.308 (1) 1.8 (2) 
Eu (54) 8c 0.0455 (1) 0.2045 (1) 0.0455 (1) 0.308 (1) 1.8 (2) 
Eu (61) 8c 0.2045 (1) 0.304 (2) 0.304 (2) 0.025 (1) 1.8 (2) 
Eu (62) 8c 0.0455 (l) -0.054(2) 0.304 (2) 0.025 (1) 1.8 (2) 
Eu (63) 8c 0.304 (2) -0.054(2) 0.0455 (l) 0.050 (2) 1.8 (2) 
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Table 4.5b. The extracted results for the lattice dimensions and profile 
parameters from the diffraction profile of (Sm2/3Eui/3)2.75C60 at 5 K both 
warming up and cooling down measurements. 
T=5K Warming up measurements Cooling down 
Major phase Minor phase measurements 
Instrumental 
parameters: 
X(A) 0.85045 0. 8010 
A29 (xlOO, °) 0.50 (2) 0.64 (2) 
29 range (°) 3.0 - 30.1 3.0-30.1 
Step size (°) 0.003 0.003 
Lattice 
parameters1 28.2762 (4) 28.1992 (11) 28.2029 (2) 
a (A) 28.2847 (4) 28.2078 (11) 28.2114 (2) 
b(A) 28.2677 (4) 28.1908(11) 28.1944 (2) 
c(A) 22608.0 (9) 22424.1 (2.6) 22432.8 (5) 
V(A3) 
Wt. Fraction: 0.798 (1) 0.209 (2) -(-) 
Peak profile 
coefficient: Type 3 Type 3 Type 3 
GU 102.3 (8) 138.9 (35) 295.5 (3.8) 
GV -6.26 (10) -26.0 (5) -19.5 (4), 
GW 0.447 (9) 0.48 (7) 1.30 (3) 
Lx, Ly 1.64 (8), 23.5(9) 2.18 (3), 25.0 (3) 1.84(2), 18.0 (2) 
S/L, H/L 0.005, 0.0005 0.005, 0.0005 0.005, 0.0005 
L l l -0.12x10-2 0.50x10-2 0.13x101 
L22 0.33xl0 2 0.13xl0-2 0.26x10-2 
L33 -0.26x10-2 -0.13x10-2 -0.42xl0"4 
L12 -0.95x10-2 -0.11e-l -0.88x10-2 
L13 -0.19x10-2 -0.14x10-2 -0.40xl0-3 
L23 0.74xl0 3 0.26xl0 3 0.76x103 
Agreement 
factors: 4.45, 1.65, 7.301 5.35, 2.49, 4.60 
Rwp(%), 
Rexp(%), x 2 
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4.2.5 Discussion 
The synchrotron X-ray powder diffraction technique was employed to 
characterize the temperature-dependent structural properties of the series of 
rare-earth-metal intercalated fullerides with stoichiometry, RE2.75C60 (RE = 
Sm, Eu, and Yb). So far, we have shown that, in addition to Sm2.7sC60 and 
Yb2.75C6o, EU2.75C60 and the mixed compositions (Smi-xEux)2.75C6o (x= 2/3, 1/3) 
display NTE below a certain critical temperature, Tv. 
Fig. 4.16 and Table 4.6 compare the results for the present family. The 
unit cell volume of (Smi-xEux)2.75C6o at room temperature shows an 
anomalous behaviour; as x increases, the unit cell volume decreases, contrary 
to what is expected from the lanthanide contraction. This is due to the 
presence of varying rare-earth mixed valence that leads to deviation from the 
corresponding lanthanide contraction in the case of trivalent ions. Similar 
behaviour has been observed in the evolution of the unit cell volume of 
RECuGa. {RE= rare-earth) compounds as a function of the rare-earth metal 
reported by Adroja et al. [21], where the unit cell volume of EuCuGa is 
anomalous; indicating that Eu ions may be in a divalent or mixed valent 
state. 
As described for both Sm2.7sC60 and Yb2.7sC60, the NTE behaviour 
observed at low temperature without change in crystal symmetry for the 
(Smi-xEux)2.75C6o can also be rationalised along the same line, where the 
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Fig. 4.16. Temperature evolution of the unit cell volume of; a) EU2 .75C60 (x= l ) ; b) (Smi/3Eu2/3)2.75C6o Car- 2/3); (continued) 
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Fig. 4.16. (continued) c) (Sm2/3Eui/3)2.75C60 (x= 1/3) and d) Sm2.75C6o (x = 0) 
obtained on heating from 5 K to room temperature. Second phases for each 
compound are shown as grey triangles. 
Table 4.6. The extracted values of the unit cell volume at room temperature 
and 5 K and characteristic critical temperatures for each rare-earth fulleride. 
Sample Volume_RT (As) Volume_5 K (A 3) r v ( K ) 
EU2.75C60 22494.3 (5) 22565.9 (5) 90 
(Smi/3EU2/3)2.75C60 22468.3 (5) 22510.0 (5) 90 
(Sm2/3Eui/3)2.75C60 22410.4 (5) 22608.0 (9) 75 
Sm2.75C60 22395.0 (5) 22474.9 (5) 36 
Yb2.75C60 21655.0 (6) 21806.0 (8) 60 
The average Eu valence at high temperature is —1-2.2, where the 4/ electrons 
of Eu are thermally excited into the t i u band of Ceo which becomes fully 
occupied with 6 electrons [17]. We recall here that the two interstitial holes 
have radii of 1.12 A (smaller Td site) and 2.06 A (larger Oh site), and thus the 
ionic radius of the cation occupying the Td site plays an important role in 
defining the unit cell size of the fullerides. The ionic radius of RE 2 + and RE 3 + 
(RE = Sm, Eu, and Yb) for the case of six coordination are given in Table 4.7. 
Table 4.7. The ionic radii of RE 2 + and RE 3 + (RE = Sm, Eu, and Yb) for the case 
of six-fold coordination [22]. 
Ion radius (A) Ion radius (A) 
.Sm2+ 1.41 Sm 3 + 1.10 
Eu 2 + 1.31 Eu 3 + 1.09 
Yb 2 + 1.16 Yb 3 + 1.01 
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It is also clear from the figure above that the lattice parameters of 
Eu-doped Ceo are larger compared to those of Sm2.7sC6o at all temperatures. 
Such behaviour most likely reflects the fact that the Eu 2 + state should be 
highly preferred to the Eu 3 + state [23], thus resulting in larger unit cell 
volume at all temperatures. The fact that the divalent state of Eu ion is more 
stable implies that the energy difference between the divalent and trivalent 
state is negative and larger, in absolute value, than those for Sm and Yb ions 
[24]. Thus, it is expected that more thermal energy is required for the 
temperature-induced valence transition to occur and this results in the 
(Smi-xEux)2.75C6o compounds having higher critical temperatures, Tv. 
The data presented here also show apparent phase separation observed 
below the characteristic critical temperature. As seen in Fig. 4.16a and b, the 
majority phases of the Eu-rich compositions (x = 1, 2/3) experience NTE, 
while the minority phases contract on cooling. On the other hand, both 
majority and minority phases for Sm-rich composition (x = 1/3) experience 
NTE on cooling (Fig. 4.16c), while no phase separation was observed for the 
Sm2.75C6o case. Such behaviour can be explained by the existence of local 
structural inhomogeneities accompanying the abrupt transformations of the 
materials. For Eu-rich compounds below 90 K, phase separation seems to 
occur into Eu2 +-rich and Eu3 +-rich phases with the Eu2 +-rich phase 
undergoing NTE behaviour and the Eu3 +-rich phase contracting with no 
anomalous lattice responses. For the case of the Sm-rich compound below 75 
K, phase separation occurs into Eu2 +-rich and Sm2+-rich phases with both of 
them experiencing NTE. 
Another notable feature of the temperature dependence of the 
diffraction data collected on (Sm2/3Eui/3)2.75C60 is the hysteretic behaviour 
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observed on heating and cooling experiments. The onset temperature of the 
NTE extracted from slow cooling measurements is seen at around 120 K (Fig. 
4.14), which is substantially higher than that in heating measurements (~75 
K). The lattice dimension expands below 120 K which continues down to 60 
K, and the rate of expansion becomes zero at 40 K. Surprisingly, the unit cell 
volume extracted in this temperature region where ZTE is observed on 
cooling is identical to that obtained on heating. Then, the sign of the thermal 
expansivity changes to positive below 40 K and the volume contracts on 
further cooling. The driving force of this intriguing lattice response observed 
for this compound is unknown. However, it can be conjectured that the 
nature of the NTE is hugely affected by not only the nature of the rare-earth 
dopants, but also by the rate of change in temperature. I t would be 
interesting to explore what will happen to the temperature evolution of the 
unit cell volume on re-heating the same material for a third time. 
Finally, it should also be mentioned that the unit cell volume extracted 
for (Sm2/3Eui/3)2.75C6o at 5 K is the largest among the (Smi-xEux)2.75C6o 
systems (Table 4.6). This is most likely due to the fact that obtaining single-
phase material becomes more difficult as the content of Eu increases, as the 
probability of getting more Eu carbide by-products also increases. Existence 
of impurity phases are thought to be preventing further lattice expansion at 
low temperature region, which are also apparent in the low field 
magnetisation measurements where (Sm2/3Eui/3)2.75C6o shows steepest 
increase in magnetisation in the low temperature region (Fig. 4.3c). 
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4.3 Pressure-induced valence transitions 
The temperature-dependent quasi-continuous valence change 
accompanied by large NTE behaviour below the characteristic critical 
temperature, Tv, at ambient pressure was observed in RE2.75C60 (RE = Sm, 
Eu, Yb, and Sm-Eu-mixture). Soon after, the study of compression behaviour 
of Sm2.75C6o and Yb2.7sC60 in the pressure range 1 atm - 6.50 GPa also 
revealed an abrupt hysteretic phase transition, resulting in a sudden volume 
collapse above the transition pressure, Pv. Here, I present the results from 
synchrotron X-ray powder diffraction measurements at ambient temperature 
and elevated pressures on EU2.75C60 and (Sm2/3Eui/3)2.7sC60 in the pressure 
range 0 - 8.55 GPa. 
4.3.1 Experimental Details 
The high-pressure X-ray powder diffraction measurements on EU2.75C60 
and (Sm2/3Eui/3)2.75C6o at ambient temperature were performed at various 
pressures on the ID09 beamlines at ESRF, Grenoble. The samples used here 
were taken from the same batches as those used in the temperature-
dependent experiments. The powder samples were loaded into a DAC cell 
(600 x 600 um 2 diameter faces) with a stainless steel gasket indented to 80 
pm with a 250 um diameter hole inside the glove-box as they are sensitive to 
air and moisture. The two small rubies, which are used as probes for the 
measurement of the pressure, were loaded together with the sample powder. 
Pressure inside the DAC was increased, using helium gas as a pressure 
medium, at room temperature and accurate values of pressure were 
192 
measured by the ruby fluorescence method. 
Two-dimensional diffraction patterns (X - 0. 4174 A) were collected 
using an image plate detector with typical exposure time of 15 min. The 
diffraction profiles for EU2.75C60 and (Sm2/3Eui/3)2.75C6o were collected with 
increasing pressure, starting from ambient pressure, up to a maximum 
pressure of 7.28 GPa and 8.55 GPa, respectively. After the pressure reached 
its maximum, it was then gradually released, but in both cases, the 
diffraction data could only be collected down to ~3.50 GPa. The 
two-dimensional diffraction images were integrated with local ESRF FIT2D 
software, after careful masking of single crystal ruby peaks. The data 
analysis was performed with the LeBail pattern decomposition technique 
within the GSAS program. 
4.3.2 Pressure Evolution 
i) EU2.75C60 
The structural analysis of the synchrotron X-ray diffraction patterns of 
EU2.75C60 collected at ambient pressure has been discussed in detail in the 
previous section (Table 4.3). Rietveld analysis was performed with an 
orthorhombic superstructure (space group Pcab) with the Eu cations 
occupying off-centred Td and Oh interstitial sites. One out of every eight Td 
sites is partially occupied (~11%) and long-range ordering of these Td defects 
results in a unit cell with dimensions twice as large as those of the commonly 














Fig. 4.17. Synchrotron X-ray powder diffraction profile of EU2.75C60 at 
ambient pressure (P= 1 atm) and temperature (T = 295 K) collected on the 
ID09 beamline (X = 0. 4174 A). Open circles are the experimental data, red 
line is the calculated pattern, bars represent the Bragg reflections 
corresponding to the orthorhombic space group Pcab, and the black solid line 
at the bottom is the difference profile. Some impurity peaks were removed in 
the course of the refinement. 
However, as in the case of Sm2.7sC6o and Yb2.75C6o, the quality of diffraction 
data at high pressure obtained on ID09 is not high enough to allow detailed 
Rietveld refinements for this complex structural model. For this reason, 
extraction of the lattice constants was carried out by the LeBail pattern 
decomposition technique at all pressures. The fitted parameters are collected 
in Table 4.8. The diffraction profiles were then collected as pressure 
gradually increased in small steps, while the values of the pressure were 
recorded before and after each measurement. 
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Table 4.8. Details of the instrumental and lattice parameters derived by the 
LeBail refinement of the diffraction data of EU2.75C60 at 295 K and 1 atm. 
Temperature: 295 K Pressure: 1 atm 
Instrumental parameters: 
X(A) 
A29 (xlOO, °) 
26 range (°) 




















Lx, Ly 1.05 (2), 11.3 (2) 
0.005, 0.0005 S/L, H/L 
Agreement factors: 
Rwp(%), Rexp(%), x 2 2.91, 2.58, 1.273 
Selected diffraction patterns obtained for EU2.75C60 during increasing 
and releasing pressure are shown in Fig. 4.18. Inspection of these profiles 
indicates that there is an excellent correspondence of the reflection 
intensities in the diffraction profiles at elevated pressures below 4.80 GPa 
with those at ambient pressure. As pressure was increased towards 4.80 GPa, 
the peaks shifts to higher angles monotonically; however, above 4.80 GPa, the 
peaks abruptly shift to higher angle, implying the occurrence of a phase 
transformation to a structure with drastically reduced lattice parameters. 
This trend continues up to 5.30 GPa where the transformation is complete 
and the peaks shift to higher angles as before with further increase in 
pressure (Fig. 4.17a). This anomalous lattice collapse is also accompanied by 
a change in the optical properties of the black crystalline E U 2 . 7 5 C 6 O powder 
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Fig. 4.18. Pressure evolution of the X-ray diffraction profiles of EU2.75C60 = 0.4174 A) at room temperature (a) with increasing 
pressure from 1 atm to 7.3 GPa and (b) with releasing pressure from 6.0 to 3.3 GPa. 
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which acquires a golden colour, signifying a pressure-induced 
insulator-to-metal transition. 
After the pressure reaches 7.28 GPa, i t is slowly released and the 
diffraction data were collected down to 3.37 GPa. On examination of the 
diffraction data, it was revealed that the peaks shift slowly to lower angles 
and a gradual change in the peak shape towards that of the original 
low-pressure phase occurs. This suggests that the phase transformation is 
both reversible and characterised by a large hysteretic behaviour as the 
original low-pressure phase does not fully recover even though the pressure 
is well below 4.80 GPa (Fig. 4.18b). The reverse phase change is also 
accompanied by a recovery of the black colour of the material. 
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Fig. 4.19. Pressure evolution of (a) the orthorhombic lattice constants (circles: 
a, squares^ b, triangles^ c) and (b) the normalised unit cell volume in Eu2.7sC60-
Open symbols represent data obtained on increasing pressure, while fu l l 
symbols represents data obtained on releasing pressure. 
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The extracted evolution of the orthorhombic lattice parameters and unit 
cell volume with pressure are shown in Fig. 4.19. As pressure is increased 
above 4.80 GPa, an abrupt decrease in the lattice dimensions is observed. As 
the sample pressurised between 1 atm and 4.40 GPa, the lattice dimension 
contracts at almost constant rate with the calculated volume compressibility, 
k = -din V/dP = 0.022(2) GPa1. 
The sudden decrease in lattice dimension observed at 4.80 GPa results 
in a collapse of the unit cell volume, AV/V~ 3.2%. The lattice contraction 
continues on further increase in pressure with a substantially smaller value 
for the volume compressibility, k = -din l^dP = 0.007(3) GPa"1. After pressure 
release at 7.28 GPa, the volume of the high-pressure phase slowly expands in 
the pressure range 7.28 to 3.37 GPa. 
ii) (Sm2/3Eui/3)2.75C60 
Investigation of the sensitivity of the (Sm2/3Eui/3)2.7sC60 structure to the 
application of pressure and the structure analysis was carried out in the 
same manner as in the case of EU2.75C60. The synchrotron X-ray powder 
diffraction profiles for pressures between 1 atm and 8.65 GPa at ambient 
temperature were collected on the ID09 beamline at the ESRF (see §4.3.1 for 
experimental description). 
Extraction of the lattice constants was again carried out by the LeBail 
method at all pressures. The results of the LeBail pattern decomposition 
technique at 1 atm is presented in Fig. 4.20 and the fitted parameters are 
collected in Table 4.9. The values of the lattice parameters at 295 K and 1 
atm are: a = 28.1953(5) A, b = 28.2319(5) A, c = 28.1558(5) A, V = 22414.5(1.3) 
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A 3, and agreement factors x 2 = 1-02, Rwp = 7.22%, R e x p = 7.15%. These values 
are comparable to the results obtained by ultra-high resolution synchrotron 
X-ray diffraction on ID31. 
Selected diffraction profiles obtained on increasing P between 1 atm 
and 8.65 GPa (Fig. 4.21a) and on releasing pressure down to 3.76 GPa are 
shown in Fig. 4.21b. As seen in these figures, the diffraction profiles show an 
excellent correspondence with those obtained for EU2.75C60. Upon reaching a 
pressure of 4.79 GPa, a sudden change in the reflection intensities is 
observed, implying a phase transformation sets in to a structure 
accompanied by drastic reduction in lattice parameters. This trend continues 
up to 6.00 GPa where the transformation is complete and the peak continues 
to shift to higher angles with further increase in pressure (Fig. 4.21a). After 
the pressure reaches 8.65 GPa, it was slowly released and the diffraction data 
were collected down to 3.75 GPa. Upon releasing, the peaks shift slowly 
towards lower angles and showed sign of a reverse phase transformation at 
3.75 GPa. This implies that the phase transformation is both reversible and 
characterised by a large hysteretic behaviour as the original low-pressure 










l l l i I I I ! I l l III III II I! Illl II HI III!! I! Mllll! Will; Willi III I 
i/V i 
I ; 
10 12 14 
2e n 
Fig. 4.20. Synchrotron X-ray powder diffraction profile of (Sm2/3Eu 1/3)2.75060 
(P= 1 atm, T = 295 K) collected on ID09 (X = 0. 4174 A). Open circles are the 
experimental data, red line is the calculated pattern, bars represent the 
Bragg reflections, and the black solid line is the difference profile. 
Table 4.9. Details of the instrumental and lattice parameters derived by the 
LeBail refinement of (Sm2/3Eui/3)2.75C6o at 1 atm. 
Instrumental Parameters: Lattice parameters: 
A. (A) 0.4174 a (A) 28.1953 (5) 
A26(xl00) (°) 0.64 (3) b(A) 28.2319 (5) 
26 range (°) 1.64-15.06 c(A) 28.1558 (5) 
Excluded region (%) 3.33 Volume (A 3) 22414.5 (1.3) 
Agreement factors: profile coefficient: 
Rwp (%) 7.22 GU, GV 15.0(7), -5.7(8) 
ReXp (%) 7.15 GW 0.66 (5) 
X2 1.02 Lx, Ly 1.12(2), 11.4(3) 
S/L, H/L 0.005, 0.0005 
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Fig. 4.21. Pressure evolution of the X-ray diffraction profiles of (Sm2/3Eui/3)2.75C6o (k = 0.4174 A) at room temperature (a) with 
increasing pressure from 1 atm to 8.65 GPa and (b) with releasing pressure from 8.65 to 3.76 GPa. 
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The extracted evolution of the orthorhombic lattice parameters and unit 
cell volume with pressure is shown in Fig. 4.22. As the sample is pressurised 
from 1 atm to 4.53 GPa, the lattice dimensions contract continuously at a 
constant rate with an average volume compressibility of K = 0.017(2) GPa ' 
until it reaches the critical pressure, Pv of ~4.5 GPa. 
r ^ 1 1 1 1 1 
1.00 (b) a 
28.0 
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Fig. 4.22. Pressure evolution of (a) the orthorhombic lattice constants (circles: 
a, squares^ b, triangles^ c) and (b) the normalised unit cell volume in 
(Sm2/3Eui/3)2.75C60. Open symbols represent data obtained on increasing 
pressure, while ful l symbols represent data obtained on releasing pressure. 
Above this critical pressure, the large lattice collapse occurs resulting 
in an abrupt decrease in unit cell volume of AV/V~ 5.2% and the phase 
transformation is complete at ~6.0 GPa. This high-pressure phase continues 
to contract with further increase in P up to 8.65 GPa, resulting in a 
considerably smaller value for the linear volume compressibility, K = 
-dlnt^dP = 0.006(2) GPa"'. After pressure release, the high-pressure phase 
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expands initially with a similar value of the compressibility, K ~ 0.007 GPa"1, 
then the compressibility become almost twice as large below 4.80 GPa giving 
value of K ~ 0.015 GPa 1 at 3.75 GPa. 
4.3.3 Discussion 
In the previous chapter we interpreted the abrupt phase transformation 
of Yb2.75C60 above a critical pressure at ambient temperature as a 
discontinuous valence change of Yb from —1-2.3 towards +3 state. A similar 
phenomenology is observed in the high-pressure experiments of both 
EU2.75C60 and (Sm2/3Eui/3)2.75C6o and it can be also rationalised along the 
same lines, namely pressure-induced valence transitions of Eu and Sm from 
+2.3 state to nearly +3 resulting in a collapse of the unit cell metrics. The 
obtained results from each of the high pressure experiments on the samples 
RE2.75C60 (RE = Sm, Eu, and Yb) are collected in Table 4.10. 
Table 4.10. The extracted values of the unit cell volume at ambient pressure 
and temperature, critical pressure, and the change in the volume during the 
phase transitions. 
Sample Volume_0 GPa (M i v (GPa) A W ( % ) 
EU2.75C60 22497.4(1.4) 4.40 3.2 
(Eui/3Sm2/3)2.75C60 22414.5(1.3) 4.53 5.1 
Sm2.75C60 22395.0(5) 3.95 6.0 
Yb2.75C60 21711.0(1.1) 4.30 2.1 
From Table 4.10 it is clear that Eu and Yb substitution for Sm in 
Sm2.75C6o affects the behaviour of the pressure-induced lattice collapse. For 
instance, substitution of Eu and Yb results in substantial increase in the 
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transition pressure and decrease in the percentage of lattice collapse during 
the transition. In order to explain this, we recall the similar behaviour 
observed on Eu and Yb substitution in SmS compounds under high pressure 
[18]. The results from the studies of Eu and Yb substituted SmS compounds 
under high pressure are tabulated in Table 4.11. 
Table 4.11. The data presented in the report by Jayaraman et al. [18]. 
Sample a_(A) Py (kbar) 4/ -5ofgap (eV) 
SmS 5.97 6.5 0.1 
Smo.75Euo.25S 5.97 15 0.18 
EuS 5.96 continuous 1.64 
YbS 5.68 continuous 1.0 
It has been suggested that the Af-bd energy gap controls the onset of 
the first-order transition, which is triggered when the 4/-5d gap approaches 
zero. Therefore, the valence transition of the rare-earth metal requires 
higher pressure for systems in which larger 4f-5d energy gaps are present. 
Thus, consistent with the picture for RES (RE = Sm, Eu, Yb), the Eu and Yb 
substitution for Sm in Sm2.75C60 results in substantial increase in the critical 
pressure due to larger 4f-5d energy gap observed for both Eu and Yb 
rare-earth metals. 
4.4 Conclusion 
Synchrotron X-ray powder diffraction measurements have been used to 
investigate both the temperature and pressure evolution of the structural 
properties of mixed-valence rare-earth fullerides, (Smi-xEux)2.75C6o- The 
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diffraction data obtained from temperature-dependent studies reveal that 
the onset of anomalous lattice expansion (NTE) at low temperatures 
associated with temperature-induced RE 3 + —• RE 2 + valence transitions of the 
rare-earth metals. The characteristic temperature, Tv, where NTE sets in 
can be tuned by changing the concentration of the Eu-substituent (71 = 32 K 
for x — 0, 75 K for x — 1/3, and 90 K for x= 2/3, l ) . 
The pressure-dependent studies have shown that the rare-earth 
valence states are also found to be fragile upon compression. The diffraction 
data reveal that the lattice metrics experiences abrupt collapse associated 
with pressure-induced first-order (reversible) RE 2 + —> RE 3 + valence transition 
above critical pressure, Pj. Upon introducing Eu as a substituent for 
Sm2.75C6o resulted in an increase of the critical pressure from -3.95 GPa to 
-4.50 GPa. 
In both cases, the transformations are closely related to the electronic 
structure of the intercalated rare-earth metal that plays an important role in 
controlling both the temperature-induced electron transfer between the 4/ 
sublattice and the t i u band of Ceo and the pressure-induced electron transfer 
between the 4/ and 5c/bands of the rare-earth ions. 
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C H A P T E R 5 
Mixed Valence transitions-




As it has been already mentioned, systematic studies on rare-earth 
fullerides have been limited because of the difficulties in preparation of 
high-quality single-phase materials. For instance, the early reports on 
superconductivity with Tc = 8 K for Sm2.7sC6o [l ] have proven to be erroneous 
[2]. Thus, a main challenge during my project was to establish reliable and 
reproducible synthetic protocols for synthesizing single-phase rare-earth 
fulleride materials to allow systematic studies of their structural and 
electronic properties. 
The synthesis of single-phase rare-earth fullerides with stoichiometry 
RE2.75C60 (RE = Sm, Eu, Yb) has been successfully established after intensive 
effort of various members of Prof. Prassides' group (as described in this 
thesis). This led to the discovery of mixed valence phenomena associated with 
the rare-earth valency, which displayed a remarkable sensitivity to external 
stimuli and resulted in the observation of a variety of temperature- and 
pressure-induced abrupt or continuous valence transitions [2-4]. The 
observed anomalous responses were interpreted in terms of electronically 
driven valence changes caused by electron transfer between the 
electronically active narrow C 6 0 t i u band and the rare-earth 4f and/or 5d 
bands. 
In extending further our systematic studies of the valence change in the 
rare-earth fullerides, we also took an approach analogous to that followed in 
binary chalcogenides such as SmS. Systematic investigations of the valence 
change in SmS solid solutions (Smi-XMXS) were carried out by Jayaraman et 
al. who explored the effect of Eu, Yb and Ca substitution for Sm in tuning the 
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pressure-induced valence changes [5]. The studies of the valence transition in 
the rare-earth fulleride family were initiated with the Sm2.75C6o composition 
by synchrotron X-ray diffraction, where both temperature-induced and 
pressure-induced valence transitions were described. We then established 
similar transitions for Yb- and Eu- substituted compounds. The transitions 
are accompanied by abrupt NTE below a critical temperature, Tv (32 K for 
Sm, 60 K for Yb, 90 K for Eu) and a lattice collapse above a critical pressure, 
Pv (3.95 GPa for Sm, 4.30 GPa for Yb, 4.40 GPa for Eu). 
In this chapter, I will present continuation studies on the Sm valence 
transition using Ca- substituted compounds of stoichiometry 
(Smi-xCax)2.75C6o for values of x ranging between 1 and 0. We note that the 
ionic radius of Ca2 + is significantly smaller than that of Sm 2 + and more 
importantly, unlike the rare-earth metals, Ca has no electronically active 4/ 
sublattice. Thus, the effect of Ca substitution for Sm may trigger 
substantially different response compared to that of Yb and Eu substitution 
already described in the previous chapters. 
5.2 Temperature-induced valence transition 
The studies of the evolution of the structural and electronic properties 
of Ca-substituted rare-earth fullerides with stoichiometry (Smi-xCax)2.75C60 
were carried out by synchrotron X-ray diffraction and absorption techniques. 
The temperature-dependent X-ray diffraction measurements are expected to 
provide the evidence of the effect of Ca-substitution on the critical 
temperature at which the abrupt onset of large lattice expansion occurs. On 
the other hand, X-ray absorption and resonant inelastic X-ray scattering 
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(RIXS) measurements are expected to probe directly the valence states and 
reveal the origin of the low-temperature first-order valence transition that is 
the driving force of the NTE. 
5.2.1 Experimental Details 
The (Smi- xCax) 2 75C60 (x — 0, 1/6, 1/3, 1/2, 2/3, l ) samples were 
synthesised by direct reaction of stoichiometric quantities of Ceo (super gold 
grade of purity >99.9%), calcium (99.9% pure), and samarium (99.9% pure) 
(Table 5.1). Prior to synthesis, Ceo was degassed overnight at 200°C under 
dynamic vacuum of 10"5 mbar. The annealing protocols followed differ 
depending on the relative concentration of calcium (Ca) and samarium (Sm) 
metals. 
Table 5.1. Quantities of reactants used for synthesising (Smi-xCax)2.75C6o and 
the final mass of the product after the annealing protocols. The error of the 
balance was ±1 mg. 
(Smi-xCax)2.75C6o S m C a C 6 0 
Nominal x (150.36 g/mol) (40.078 g/mol) (720.66g/mol) r r o a u c t 
Sm2.75C6o 57.4 mg ^ 100 mg 
(x = 0) 3.817 x l0"4mol 1.388 x 10"4mol g 
(Sm5/6Cai/6)2.75C6o 57.0 mg 3 0 m % 120 mg 
(x=l/6) 3.781 x I 0 - 4 m o l 0.756x 10-4mol i . 6 6 5 x l 0 - 4 m o l 1 7 4 m g 
(Sm2/3Cai/3)2.75C6o 38.0 mg 5 - ° m § 100 mg 1 Q 7 
(x=l/3) 2.544 x I0-4mol 1-272 x lO^mol 1.388 x lO^mol L 6 < m g 
(Smi/2Cai/2)2.75C60 19.0 mg 5.0 mg 6 6 m g 
(x=l/2) 1.259 x Kernel 1-259 x lO^mol 1.259 x lO^mol * Z m g 
(Smi/3Ca2/3)2.75C6o 20.0 mg 10.0 mg 100 mg 
(x = 2/3) 1.272 x I0"4mol 2.544 x lO^mol i . 3 8 8 x 1 0 ' W 1 5 m g 
Ca2.75C6o , 9 0 m ^ 60 mg R t ) 
( x = l ) ^ 2.290 x I0-4mol 0.832 x i 0 - 4 m o l 6 2 m g 
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Siri2.75C60 was prepared by reaction of stoichiometric quantities of C6o 
and Sm, pressed into pellets and contained in a sealed tantalum (Ta) cell 
inside an evacuated quartz tube at 575°C for 3 days with one intermediate 
regrinding (2+1 days) [2]. 
The (Sm5/6Cai/6)2 75C60, (Smi/2Cai/2)2.75C60, and (Smi/3Ca2/3)2.75C6o 
samples were prepared by reaction of stoichiometric quantities of degassed 
C 6 0 , Ca and Sm powders. The Ca powders were prepared by dissolving Ca 
metal using liquid ammonia. 50 ml of liquid ammonia was first condensed 
and dried using a small piece of Na metal in a glass tube, which was then 
re-condensed over Ca metal placed inside a glass tube with a glass magnetic 
stirrer at -60°C. It was stirred for 1 hour in order to dissolve all Ca metal 
while the temperature was kept at -60°C using dry ice in the acetone bath. 
The ammonia was removed by heating the tube at 150°C on a vacuum line 
first under low-vacuum of 10"3 mbar and then by high vacuum of 10"5 mbar. 
The glass tube was sealed and placed inside the glovebox to remove the 
product, which can be used as Ca powder. These powders were mixed well 
with C60 and Sm, pressed into pellets and contained in a sealed Ta tube. The 
Ta tube was then placed inside a quartz tube filled with helium (300 mbar) 
and sealed. The tubes containing (Sm5/6Cai/6)2.75C60 and (Smi/2Cai/2)2.75C6o 
samples were placed in a pre-heated furnace at a temperature of 575°C for 7 
days with two intermediate regrindings (1 + 2 + 4 days), while the tube 
containing (Smi/3Ca2/3)2.75C60 was heated at the same temperature but for a 
longer annealing period (10 days, 1 + 2 + 3 + 4 days). 
(Sm2/3Cai/3)2.75C60 and Ca2.75C60 samples were synthesised by direct 
reaction of stoichiometric quantities of degassed Ceo, Ca and Sm powders 
pressed into pellets and contained in a sealed Ta tube placed inside a quartz 
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tube filled with helium (300 mbar). The Ca powders for these samples were 
prepared by grinding Ca metal using a diamond coated file. The tube was 
heated at 575°C for 5 days with two intermediate regrindings (1 + 2 + 2 days) 
for (Sm2/3Cai/3)2.75C6o and 12 days with three intermediate regrindinsg (1 + 2 
+ 3 + 6 days) for Ca2.75C6o. We found that it was important not to anneal the 
reactants for more than 2 days in the earlier stages of the reactions in order 
to avoid the formation of Sm carbides. In addition, the samples containing 
larger concentrations of Ca required longer annealing times at the later 
stages to assure phase purity. 
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Fig. 5.1. X-ray diffraction profiles of (Smi-xCax)2.75C60 (nominal x = 0, 1/6, 1/3, 
1/2, 2/3, l ) at 295 K collected with the Siemens D5000 powder diffractometer 
(Cu-Ka radiation). 
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Few milligrams of the samples were sealed in thin-wall glass capillaries 
of diameter 0.5 mm for powder X-ray diffraction measurements. These were 
employed to monitor phase purity at each intermediate grinding stage using 
our laboratory X-ray diffractometer prior to the synchrotron X-ray 
measurements (Fig. 5.1). 
The effect of the annealing procedure is clearly seen in Fig. 5.2, which 
shows the two diffraction profiles obtained on ID31 for the (Smi/3Ca2/3)2.75C6o 
sample after 6 days of annealing and after further 4 days of annealing. As the 
wavelength used for the two measurements was different, the profiles are 
plotted as a function of Q, where Q is defined as [6] ; 
^ A s in# 2n 
Q = 4x = — 
X d 
The obtained profile after 6 days shows asymmetric peak shapes with larger 
widths compared to the profile obtained after an additional 4 days of 
annealing of the same batch of sample. 
Although every necessary precaution was taken during sample 
handling in order to obtain the targeted samples, the nominal stoichiometry 
may not exactly correspond to the final stoichiometry. Thus, we attempted to 
extract the sample stoichiometry by analytical techniques such as Rutherford 
Backscattering Spectrometry (RBS). This technique is particularly useful in 
determining the Ca:Sm ratio in the (Smi-xCax)2.75C60 compounds because of 
the large mass difference between the two elements. 
The samples were also characterised by SQUID magnetisation 
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Fig. 5.2. Synchrotron powder X-ray diffraction profiles of (Srni/3Ca2/3)2.75C6o at 295 K (plotted vs Q range, A 1 ) , where the blue 
(red) solid line shows the diffraction profile after 6 (10) days of annealing. Inset-Blow up of the (222) Bragg peak. 
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Low-field measurements in a field of 20 Oe were carried out under ZFC 
and FC conditions to search for bulk superconductivity and total 
susceptibilities were obtained in the temperature range 2 to 300 K in a field 
of 1 T after correcting for the diamagnetic core contributions with a Quantum 
Design MPMS5 SQUID susceptometer. The obtained magnetic susceptibility 
data at sufficiently high temperature region were used to derive estimates of 
the average Sm valence. 
High-resolution synchrotron powder X-ray diffraction profiles for these 
samples were obtained at various temperatures between 5 and 300 K using a 
liquid-helium-cryostat in continuous scanning mode with the high-resolution 
powder diffractometer on ID31. Among the present Ca and Sm 
co-intercalated compounds, the temperature evolution was followed for 
(Sm5/6Cai/6)2.75C60, (Sm2/3Cai/3)2.75C6o, (Smi/2Cai/2)2.75C60 and Ca2.75C6o- For 
the (Smi/3Ca2/3)2.75C60 sample, the diffraction profiles were collected only at 5 
and 300 K. 
Temperature dependent diffraction measurements were carried out in 
two ways: slowly warming up from 5 K while collecting data up to room 
temperature and slowly cooling down from room temperature while collecting 
data down to 5 K. In the case of the warming up protocols, the samples were 
first cooled down to 5 K at a rate of 5 K/min, then they were warmed up to 300 
K at an average rate of 0.1 K/min in the low temperature region and 0.5 
K/min in the high temperature range. The diffraction data were collected 
once the temperature was stabilised at each temperature {X = 0.41274 A for 
(Sm5/6Cai/6)2.75C60, (Smi/2Cai/2)2.75C6o and Ca2.75C6o, and X = 0.8503 A for 
(Sm2/3Cai/3)2.75C60 and (Smi/3Ca2/3)2.75C6o). On the other hand, the diffraction 
measurements in the cooling protocols were carried out while cooling the 
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sample from 300 to 5 K at an average rate of 1 K/min. Such measurements 
were performed for (Sm5/6Cai/6)2.7sC60 and (Sm2/3Ca 1/3)2.75060 (A. = 0.41274 A). 
The collected data were rebinned to a step of 0.003° for further analysis. 
The (Sm2/3Cai/3)2.75C60 sample was also measured on ID16, an undulator 
beamline dedicated to high-resolution inelastic X-ray scattering (IXS), for 
X-ray absorption spectroscopy measurements in total fluorescence yield mode 
(TFY-XAS) at 300 K and partial fluorescence yield (PFY-XAS) and RIXS 
measurements as a function of temperature between 4 and 300 K. In TFY 
mode, the integrated scattered intensity is recorded as a function of incident 
energy, hvm which varies through the L3 absorption edge of Sm, while in PFY 
mode, the intensity of a specific radiative transition, in this case the Lai 
de-excitation is measured as the incident energy varies through the Sm L3 
edge. These measurements were used to estimate the temperature evolution 
of the Sm valence state. In the RIXS measurements, specific final states of 
given 4/ occupancy can be probed, and thus, the temperature dependence of 
the Sm 4/ occupation number can be determined accurately at all 
temperatures. 
5.2.2 Structural Analysis 
Fig. 5.3 shows the results from high-resolution synchrotron powder 
X-ray diffraction profiles of (Smi-xCax)2.75C60 (x = 0 (a), 1/6 (b), 1/3 (c), 1/2 (d), 
2/3 (e), 1 (f)) samples at room temperature. Phase purity of each sample was 
carefully checked prior to the temperature dependent experiments. All 
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Fig. 5.3. Synchrotron X-ray powder diffraction profiles of (Sm]-xCax)2.75C6o at 295 K plotted as a function of Q. (continued) 
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Fig. 5.3. (continued) Plot a) Sm2.75C6o (x = 0, X = 0.8016 A); b) 
(Sm5/6Cai/6)2.75C6o (x = 1/6, X = 0.4127 A); c) (Sm2/3Cai/3)2.75C60 (x - 1/3, X = 
0.4127 A ) ; d) (Smi/2Cai/2)2.75C6o Gr = 1/2, X = 0.4127 A); e) (S im/sCa^^sCeo (x 
= 2/3, X = 0.8502 A ) ; and f) Ca2.75C6o (x=l,X = 0.4127 A). 
Both Sm2.75C6o [2] and Ca~3C6o [7] have crystal structures based on 
doubling the fee unit cell of the alkali-metal intercalated fullerides, A3C60. 
The structural properties of the isostructural Ca-Snrmixed compounds, 
(Smi-xCax)2.75C6o, can also be treated along the same line, where the observed 
superstructure is again due to the ordering of the partially occupied Ta sites. 
The structural model is also characterised by large displacements of the 
cations from the centres of the Oh sites (-2.3 A) and smaller displacements 
from the centres of the Ta sites (-0.4 A). The shape of the Ceo molecules was 
o 
constrained to icosahedral symmetry with a cage diameter of 7.01 A and all 
C"C bond length fixed to a value of 1.44 A. 240 independent C atoms are 
needed to define the 32 C60 molecules present in the unit cell. The five 
symmetry-inequivalent C60 molecules in the unit cell, C6o(l) at (000), C6o(2l) 
at (OHVA) , C6o(22) at ( W / * ) , Ceo(23) at (V^AO), and Ceo(3) at {V2V1V2), were 
rotated anticlockwise by 37.5° about their local [ i l l ] , [ i l l ] , [ I I I ] , [ I I I ] , 
and [ i l l ] symmetry axes, respectively. 
The diffraction profiles also show significant changes in the relative 
intensities of selected peaks with increasing C a concentration. The most 
prominent ones are seen in the change of intensity of, for instance, (222) and 
(226) Bragg reflections, which increase with increasing Ca concentration. 
The Rietveld refinements of the profiles of (Smi-xCax)2.75C6o at room 
temperature were carried out based on the structural model used for 
Sm2.75C6o, with C a homogeneously disordered in the available interstitial 
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sites. F ig . 5.4 shows the Rie tveld re f inement results for (Sm2/3Cai/3)2.75C6o i n 
w h i c h the f rac t iona l occupancies of Ca were purposefu l ly va r ied between 0, 
1/3, and L 
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F i g . 5.4. Results (selected region) of the Rie tve ld ref inements of (continued) 
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Fig. 5.4.(continued) the profi le of (Sm2/3Cai/3)2.75C60 obtained f r o m 
synchrotron powder X-ray d i f f rac t ion at room temperature, va ry ing the ra t io 
of f rac t iona l occupancies of Sm and Ca (a) 1 : 0, (b) 2 : 1, and (c) 0 : 1. 
I t is apparent f r o m th is f igure tha t the Rietveld ref inement improves 
s ignif icant ly when the ra t io of the f rac t ional occupancy of Sm and Ca was set 
as 2 : 1 (Table 5.2), i n excellent agreement w i t h the nominal composition of 
the mater ia l . This implies tha t because of the s ignif icant difference i n 
scattering factor between Ca and Sm, the Rietveld refinements can provide 
reliable estimates of the actual compositions of the (Smi-xCax)2.75C6o fami ly of 
materials. 
Another obvious effect on the d i f f rac t ion profiles of changing the Ca 
concentration was seen i n the 20 positions of each Bragg reflect ion for 
d i f ferent sample compositions. As i t can be seen i n Fig. 5.5, the Bragg 
reflections (for example, the (844) peaks) of (Smi-xCax)2.75C6o samples sh i f t to 
higher angles as the nomina l Ca concentration increases, which implies tha t 
the latt ice parameters of the Ca-substituted samples become substantial ly 
smaller compared to Sm2.7sC6o, consistent w i t h the ionic radius of C a 2 + (0.99 
A) being smaller t han tha t of S m 2 + (1.41 A) . Extrac t ion of the lattice 
constants f r o m each d i f f rac t ion profi le was carried out w i t h Rietveld 
refinements! here the refinements were in i t i a ted using the model introduced 
before and the ra t io of f rac t ional occupancies of Ca and Sm was f ixed based 
on the nominal composition of the sample as a f i r s t approximation. 
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Table 5.2. Refined s t ruc tura l parameters for (Srri2/3Cai/3)2.75C60 at 300 K . 
Site x/a y/b z/c N i*A2) 
Ceo(l) 4a 0 0 0 1.0 1.0(1) 
C 6 o(2l) 8c 0 V* VA 1.0 1.0(1) 
Ceo(22) 8c V* 0 lA 1.0 1.0(1) 
Ceo(23) 8c % lA 0 1.0 1.0(1) 
Ceo(3) 4b % y2 y2 1.0 1.0(1) 
C a ( l l ) 8c 0.1372 (2) 0.1150 (2) 0.3862 (2) 0 331 (1) 1.34 (5) 
Ca( l2) 8c 0.3862 (2) 0.1372 (2) 0.1150 (2) 0 331 (1) 1.34 (5) 
Ca( l3 ) 8c 0.1150 (2) 0.3862 (2) 0.1372 (2) 0 331 (1) 1.34 (5) 
Ca(2 l ) 8c 0.1325 (2) 0.3704 (2) 0.3786(2) 0 331 (1) 1.34 (5) 
Ca(22) 8c 0.3786(2) 0.1325 (2) 0.3704 (2) 0 331 (1) 1.34 (5) 
Ca(23) 8c 0.3704 (2) 0.3786(2) 0.1325 (2) 0 331 (1) 1.34 (5) 
Ca(3) 8c 0.3828 (7) 0.377 (1) 0.377 (1) 0 331 (1) 1.34 (5) 
Ca(4) (vacancy) 8c 0.117(1) 0.122(1) 0.123(2) 0 016 (2) 1.34 (5) 
Ca(5 l ) 8c 0.2023 (1) 0.2023 (1) 0.2023 (1) 0 298 (1) 3.45 (4) 
Ca(52) 8c 0.0477 (1) 0.0477 (1) 0.2023 (1) 0 298 (1) 3.45 (4) 
Ca(53) 8c 0.2023 (1) 0.0477 (1) 0.0477 (1) 0 298 (1) 3.45 (4) 
Ca(54) 8c 0.0477 (1) 0.2023 (1) 0.0477 (1) 0 298 (1) 3.45 (4) 
Ca(6 l ) 8c 0.2023 (1) 0.308 (1) 0.308 (1) 0 035 (2) 3.45 (4) 
Ca(62) 8c 0.0477 (1) -0.058(1) 0.308 (1) 0 035 (2) 3.45 (4) 
Ca(63) 8c 0.308 (1) -0.058(1) 0.0477 (1) 0 070 (1) 3.45 (4) 
S m ( l l ) 8c 0.1372 (2) 0.1150 (2) 0.3862 (2) 0 662 (1) 1.34 (5) 
Sm(l2) 8c 0.3862 (2) 0.1372 (2) 0.1150 (2) 0 662 (1) 1.34 (5) 
Sm(l3) 8c 0.1150 (2) 0.3862 (2) 0.1372 (2) 0 662 (1) 1.34 (5) 
Sm(2l) 8c 0.1325 (2) 0.3704 (2) 0.3786(2) 0 662 (1) 1.34 (5) 
Sm(22) 8c 0.3786(2) 0.1325 (2) 0.3704 (2) 0 662 (1) 1.34 (5) 
Sm(23) 8c 0.3704 (2) 0.3786(2) 0.1325 (2) 0 662 (1) 1.34 (5) 
Sm(3) 8c 0.3828 (7) 0.377 (1) 0.377 (1) 0 662 (1) 1.34 (5) 
Sm(4) (vacancy) 8c 0.117(1) 0.122(1) 0.123(2) 0 033 (3) 1.34 (5) 
Sm(5l ) 8c 0.2023 (1) 0.2023 (1) 0.2023 (1) 0 597 (1) 3.45 (4) 
Sm(52) 8c 0.0477 (1) 0.0477 (1) 0.2023 (1) 0 597 (1) 3.45 (4) 
Sm(53) 8c 0.2023 (1) 0.0477 (1) 0.0477 (1) 0 597 (1) 3.45 (4) 
Sm(54) 8c 0.0477 (1) 0.2023 (1) 0.0477 (1) 0 597 (1) 3.45 (4) 
Sm(6l) 8c 0.2023 (1) 0.308 (1) 0.308 (1) 0 070 (1) 3.45 (4) 
Sm(62) 8c 0.0477 (1) -0.058(1) 0.308 (1) 0 070 (1) 3.45 (4) 
Sm(63) 8c 0.308 (1) -0.058(1) 0.0477 (1) 0 140 (3) 3.45 (4) 
The obtained latt ice constants and un i t cell volumes are tabulated i n 
Table 5.3 and the un i t cell volumes are plotted against nominal concentration, 
x, i n Fig. 5.6. 
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F i g . 5.5. Selected region of the normalised diffraction profiles of 
(Smi xCax)2.75C6o, showing the evolution of the (844) Bragg reflection with 
change in the sample composition, where x= (a) 0, (b) 1/6, (c) 1/3, (d) 1/2, (e) 
2/3, and (f) 1. 
Table 5.3. The extracted values of the unit cell volume and lattice constants 
for (Smi-xCax)2.75C6o. 
Sample Volume ( A 3 ) a ( A ) b ( A ) c ( A ) 
a Sm2.75C6o 22395.0 (4) 28.1871 (2) 28.2243 (2) 28.1509 (2) 
b (Sm5/6Cai/6)2.75C60 22291.2 (6) 28.1460 (3) 28.1545 (3) 28.1348 (3) 
c^  (Sm2/3Cai/3)2.75C60 22177.4(3) 28.0955 (3) 28.1152 (3) 28.0759 (3) 
d (Smi/2Cai/2)2.75C60 21997.8 (3) 28.0206 (1) 28.0290 (1) 28.0093 (1) 
e : (Sm l/3Ca2/3)2.75C60 21926.5 (4) 27.9912 (2) 27.9996 (2) 27.9800 (2) 
f: Ca2.75CG0 21775.3 (3) 27.9259 (1) 27.9288 (1) 27.9194(1) 
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F i g . 5.6. The evolut ion of u n i t cell volume against nomina l concentrat ion 
var ied xin (Smi- xCax)2.75C60. 
F r o m the p lo t of the evolut ion of the u n i t cell volume against the 
n o m i n a l Ca concentrat ion, i t is clear t h a t there is a quasi-l inear decrease 
w i t h Ca subs t i tu t ion , i m p l y i n g the v a l i d i t y of Vegard's l aw and solid so lu t ion 
f o r m a t i o n . However the u n i t cell volume of the samples w i t h x= 1/2 and 2/3 
are s l ight ly o f f the l inear behaviour. Rie tveld ref inements on these samples 
were repeated by a l lowing the va r i a t i on of the ra t io of the f r ac t iona l 
occupancies of Ca and Sm. The p r e l i m i n a r y results indicated t ha t for bo th 
these samples the f rac t iona l occupancy of Sm was s l igh t ly smaller t h a n the 
nomina l value. 
I n order to probe f u r t h e r the s toichiometry of these samples, the 
samples w i t h Ca concentrat ion of x - 1/3, 1/2, and 2/3 were analysed by 
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high-energy ion scat ter ing spectroscopy (also k n o w n as RBS). These 
measurements were carr ied out us ing 3.0 M e V protons as incident ions and 
data were collected by a high-resolut ion solid state detector, composed of two 
Si detectors (see also Chapter 2, section 4 fo r detai l ) . The y ie ld , d i V t i n counts 
per second), obtained for a Ca was 1538.39 (57.6) Yield/ppm and fo r Sm was 
3140.51 (55.5) Yie ld /ppm, fo r x = 1/3, g iv ing ra t io of 1 : 2, w h i c h is i n 
agreement w i t h the nomina l values. F ig . 5.7 and 5.8 show the results 
obtained f r o m the RBS measurements w i t h the normalised y ie ld , dN, p lo t ted 
against energy for bo th (Smi/2Cai/2)2.75C60 and (Smi/3Ca2/3)2.75C6o samples. 
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F i g . 5.7. 3.0 M e V proton backscat ter ing spectrum of the (Smi/2Cai/2)2.75C6o 
sample. The s toichiometry was de termined f r o m the step heights, where the 
solid black l ine is the observed and red l ine is the s imula t ion spectrum. The 





The results obtained fo r bo th x = 1/2 and 1/3 revealed s l igh t ly lower Sm 
concentrat ion t h a n the nomina l values. For x= 1/2, d i V f o r Ca was 2953.4 
(27.3) Yie ld /ppm and fo r Sm was 1440.6 (28.0) Yie ld /ppm (2.05 : l ) , and for x= 
1/3, dTVfor Ca was 3581.09 (58.7) Yie ld /ppm and for Sm was 1179.20 (40.3) 
Yie ld /ppm (3.03 : 1). 
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F i g . 5.8. 3.0 M e V proton backscat ter ing spectrum of the (Smi/3Ca2/3)2.75C6o 
sample. The stoichiometry was determined f r o m the step heights, where the 
solid black l ine is the observed and red l ine is the s imu la t ion spectrum. The 
Sm : Ca ra t io was calculated as 1 : 3.03. 
The Ca and Snr re l a t ed step heights obtained i n the spectrum allow the 
de te rmina t ion o f the stoichiometrics of the samples as (Smi/3Ca2/3)2.75C60 
(Sm '• Ca = 1 : 2) instead of (Smi/2Cai/2)2.75C6o and (Smi/4Ca3/4)2.75C6o (Sm : Ca = 
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1 : 3) instead of (Smi/3Ca2/3)2.75C6o- Re-evaluation of the la t t ice constants, 
employ ing the RBS Sm/Ca rat ios was then car r ied out. The u n i t cell volumes 
are p lo t ted against the RBS-derived Sm and Ca concentrations i n F ig . 5.9. 
Th i s shows t h a t the u n i t cell volume of the a l l (Smi-xCax)2.75C6o samples 
scales i n an excellent fash ion w i t h the concentrat ion o f Ca and Sm, 
c o n f i r m i n g solid solut ion f o r m a t i o n i n the Ca/Sm phase f i e l d . 
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Fig. 5.9. The evolut ion of u n i t cell volume against concentrat ion o f Ca (x) 
obtained f r o m RBS measurements. 
5.2.3 High-Field Magnetisation Measurements 
Temperature-dependent magnetic measurements fo r (Smi xCax)2.75C6o 
samples i n h i g h magnetic f i e l d were employed to extract estimates of the 
average Sm valence at room tempera ture . Magne t i sa t ion measurements 
were per formed on samples of mass ~20 m g sealed i n quar tz tubes i n the 
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temperature range 2 to 300 K i n fields of 1, 2, and 4 T w i t h a Quan tum 
Design MPMS5 S Q U I D susceptometer. The to ta l susceptibilities were 
obtained af ter correcting for the diamagnetic core contributions f r o m the 
difference of the values measured at 4 and 2 T. This methodology was chosen 
i n order to remove the contr ibutions f r o m ferromagnetic impur i t i es present. 
The diamagnetic core contr ibutions for (Smi-xCax)2.75C6o can be estimated by 
employing the values of Xcore of the intercalants, S m 2 + (xcore = -21.5 X 1 0 ' 6 
emu/mol), and C a 2 + (xcore = -10.4 X 10"6 emu/mol) [8], and of C660", which is 
estimated to be -5.91 X 10' 4 emu/mol [9] (cf. the diamagnetic core 
susceptibili ty of neu t ra l Ceo is -2.43 X 10' 4 emu/mol [10]). 
I n the intermediate valence compounds, the average Sm valence can be 
derived f r o m tota l susceptibili ty data at suff ic ient ly h igh temperatures w i t h 
the magnetic susceptibility expressed as a l inear combination of the free-ion 
S m 2 + and S m 3 + contributions [2]: 
X = (1 - e)z(Sm2+)+ ez(Sm3+) (Eqn. 5.2) 
where (2 +c) is approximately the average Sm valence. This relat ionship only 
holds for the data above some characteristic temperature, Tsf, where the 
measuring scale (JCBT) is faster t han the f luc tua t ion frequency (cosf) of the 
magnetic moment between the values of the two valence configurations [ l l ] . 
Fig. 5.10 shows the results of temperature-dependent magnetic 
measurements for (Smi-xCax)2.75C6o (x = 1/3, 2/3, 3/4). The diagrams also 
include the calculated magnetic susceptibilities of the S m 2 + and S m 3 + ions 
and the temperature dependence of the average susceptibility calculated 
f r o m the contributions f r o m both S m 2 + and S m 3 + . 
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Fig. 5.10. Temperature dependence of magnetic susceptibil i t ies of 
(Smi-xCax)2.75C6o 0r= 1/3, 2/3, 3/4). Open circles represent the (continued) 
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Fig. 5.10. (continued) measured magnetic susceptibilities of each sample 
obtained by taking the difference of the values measured in fields of 4 and 2 T. 
The calculated magnetic susceptibilities of the free Sm 2 + and Sm 3 + ions are 
shown by black solid lines, and the weighted average of the susceptibility 
calculated from the contributions of Sm 2 + and Sm 3 + are represented by the 
red solid line. 
The magnetic susceptibilities of the free S m 2 + and Sm 3 + ions are 
obtained by summing the corresponding Curie and van Vleck contributions. 
Sm 2 + has a nonmagnetic 7Fo ground state with 4 / 6 configuration, where the 
Curie contribution of the ground state is zero and thus leading to a van Vleck 
susceptibility of [12]: 
AE, 
(Eqn. 5.3) 
where Na and /JB is the Avogadro number and the Bohr magneton, and AEj is 
the energy difference between the J - 1 and J - 0 states. Sm 3 + has a 6Hs/2 
ground state with a 4 / 5 configuration, which approximately follows Curie 
like behaviour with van Vleck contribution. This is reflecting the splitting of 
the six-fold degenerate ground state, Jz = ±1/2, ±3/2, and ±5/2. The 
susceptibility of Sm3+ can be expressed as follows [13-15]: 
Y = exp 
kBT 
M?eff + MiffY + Ml„Z 2cff 
\ + Y + Z 
leff' 
V KBT J 
, Z = exp 
v kBT j 
(Eqn. 5.4) 
where A78 and A76 are the energy difference between the ground state and 
excited states, A/Jeff is the effective magnetic quantum number of each 
sublevel, g is the Lande splitting factor, /UB the Bohr magneton, ICQ the 
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Boltzmann constant, T'the temperature. 
As i t can be seen i n the f igure above, the room temperature value of 
the magnetic susceptibilities of (Smi-xCax)2.75C6o straddles those calculated 
for the free S m 2 + and S m 3 + ions, providing an estimate of the average Sm 
valence of 2.26+ (x= 1/3), 2.38+ (x= 2/3), and 2.3+ (x= 3/4). The temperature 
dependence of the calculated magnetic susceptibilities strongly deviates f r o m 
the measured values i m p l y i n g tha t an anomalous response and temperature 
dependent changes i n the Sm valency are l ike ly to occur on cooling. 
5.2.4 Structural response and Negative Thermal Expansion 
High-resolution synchrotron X-ray powder d i f f rac t ion techniques were 
employed to investigate the s t ruc tura l properties of (Smi-xCaj2.75C6o as a 
func t ion of temperature between 5 and 300 K . Few mi l l igrams of the powder 
samples were careful ly introduced into 0.5 m m diameter glass capillaries and 
placed inside the l iquid-hel iunrcryos ta t i n the beamline ID31 at ESRF. The 
collected data were rebinned to a step of 0.003° and data analysis was 
performed w i t h the GSAS suite of Rietveld analysis program. 
i) (Sm5/6Cai/6)2.75C60 
The sample (Sm5/6Cai/6)2.7sC60 (x = 1/6) was f i r s t cooled down to 5 K 
inside the cryostat at a rate of 5 K / m i n and the X-ray d i f f rac t ion profi le was 
collected when the temperature stabilised at 5 K (A. = 0.41274 A) . The sample 
was then slowly heated using a stepwise heat ing protocol w i t h an average 
rate of 0.1 K / m i n while the d i f f rac t ion profiles were collected at each step 
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u n t i l the temperature reached 120 K . Then the rate of heat ing was increased 
to 0.81 K / m i n up to room temperature . A slow cooling protocol was then 
appl ied (-1.3 K / m i n down to 160 K , -0.38 K / m i n down to 60 K , and -1.0 K / m i n 
down to 5 K ) i n order to investigate i f th i s sample showed any hysteresis 
behaviour. 
F ig . 5.11 shows the temperature evolut ion of the (444) Bragg ref lec t ion 
fo r th i s sample. The d i f f r a c t i o n peaks at low temperatures continuously sh i f t 
to higher angles on hea t ing (Fig . 5.11a), w h i c h impl ies t ha t the la t t ice 
dimensions contract as tempera ture increases to 120 K , whi le the peaks sh i f t 
to lower angles on cooling (Fig. 5.11b) below 110 K down to 5 K , w h i c h impl ies 
the lat t ice dimensions expand on cooling. 
1 1 1 1 1 I 1 1 1 1 1 1 1 ' 1 I ' 1 1 ' I 1 1 1 1 I 1 1 1 J L' l 1 1 1 1 I ' ' 1 ' I 1 ' ' 1 I ' 1 1 1 I 
(a)5K-> 300 K (b) 300 K —> 5 K 300 K 60 
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F i g . 5.11. Selected region of the synchrot ron X-ray powder d i f f r ac t i on prof i les 
of (Sm.5/6Cai/6)2.75C6o, showing the temperature evolu t ion of the (444) Bragg 
ref lect ion (a) on heat ing f r o m 5 to 300 K and (b) on cooling f r o m 300 to 5 K . 
The peak shi f t s to higher angle on heat ing f r o m 5 to 120 K and t hen to lower 
angle on f u r t h e r heat ing to 300 K , whi le on cooling, the peak shi f t s to h igher 
angle down to 110 K and changes the di rect ion towards lower angle on 
f u r t h e r cooling down to 5 K . 
232 
I n both cases, the N T E behaviour is clearly observed below the cr i t ica l 
temperature TV, where the sample phase separates into two phases below the 
cr i t ica l temperature. I t should be noted here tha t broadening of the 
d i f f rac t ion peak widths is observed below TV, going through a m a x i m u m 
(broader by ~55% than at room temperature) at around 90 K, and then phase 
separation is observed on f u r t h e r cooling. Such behaviour is most l ike ly to 
reflect the presence of local s t ruc tura l inhomogeneities accompanying the 
rap id l s U o r d e r t ransformat ion of the mater ia l . 
Rietveld ref inements were f i r s t carr ied out on the d i f f rac t ion profiles at 
5 K obtained on both rap id and slow cooling using a 2-phase model (Fig. 5.12). 
The weight fractions of the major and minor phases were also determined by 
the Rietveld refinements using the equation below [16] ; 
Xa=T^7T (Eqn.5.5) 
where S a is the scale factor and Qa is the density of phase a, of which S is the 
ref ined parameter and Q is the value calculated f r o m the ref ined composition 
and cell parameters of each phase. The values obtained f r o m the analysis are 
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Table 5.4. The extracted values of the lattice constants and unit cell volume 
for the major phase in (Sms/6Cai/6)2.75C60 (A. = 0.41274 A, Pcab (option 2)) 
Temperature: 5 K(rapid cooling) 
A29 (xlOO, °) 0.446 (5) 
a (A) 28.1490 (2) 
b(A) 28.1576 (2) 
c (A) 28.1379 (2) 
V(A3) 22302.3 (6) 
Wt. frac (%) 0.931 (1) 
Sm(3)-C 6o (A) 2.650 (5) 
G U , G V 100.4(4), -4.67 (5) 
GW 0.191 (2) 
Lx , Ly 0.060(5), 6.89 (7) 




L13 0.55xl0- 2 
L23 -0.13x101 
S/L, H / L 0.002, 0.0005 
i^p(%),^xp (%) 5.24, 2.93 
X2 3.201 
300 K 5 K (slow cooling) 
0.430 (5) 0.354 (6) 
28.1460 (3) 28.1436 (3) 
28.1545 (3) 28.1531 (3) 
28.1348 (3) 28.1324 (3) 
22295.0 (6) 22290.2 (7) 
-(-) 0.728 (6) 
2.659 (6) 2.652 (3) 
41.1 (8), -2.95(5) 658.8(4), -4.15 (6) 
0.082 (2) 0.188 (3) 
0.568 (5), 13.5 (1) 0.016 (6), 4.95 (3) 
0.35x103 0.31x101 
0 .92x l0 3 0.39x10"! 
-0.23x10-2 0.81x102 
-0.20xl0- 3 -0.12x101 
-0.86x10-3 -O.llxlO-i 
0.36x10-3 0.95xl0- 2 
0.002, 0.0005 0.002, 0.0005 
7.20, 4.77 6.82, 4.89 
2.277 1.944 
Phase separation was only observed in the lower temperature region below TV, 
where N T E occurs. Extraction of the unit cell volume of both phases was 
performed using the same 2-phase orthorhombic model at all temperatures 
and plotted in Fig. 5.13, together with the weight fractions calculated for both 
warming and cooling sequences against temperature (Fig. 5.13 inset). It is 
apparent from the figure that the phase that undergoes N T E becomes the 
major phase. The weight fraction of phase 1 obtained at 5 K on warming up 
measurements (93%) turned out to be higher than that obtained on cooling 
down measurements (73%). 
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Fig . 5.13. Temperature evolut ion of the u n i t cell volume of (Sm.5/6Cai/6)2.75C6o collected between (a) 5 and 300 K (warming up), 
and (b) 300 and 5 K (cooling down) [inset- calculated weight fract ions of the two phases at low temperatures] . 
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The t h e r m a l expansivity, av (= dlnP7d7), of phase 1 fo r the two 
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F i g . 5.14. Temperature dependence of the coefficient of t h e r m a l expansivity, 
av (= d i n P7d 7) of (a) w a r m i n g and (b) cooling measurements. 
As can be seen i n the f igure , an unexpected feature here, compared to 
Sm2.75Ceo[2], Yb2.75C6o[4], and EU2.75C60 [Chapter 4], is t ha t the t h e r m a l 
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expansivity i n the wa rming up measurements stays almost zero on heat ing 
up to 60 K, and then goes through the m a x i m u m value of -380 ppm/K at 120 
K. Similarly, i n the slowly cooled measurements, av is at i ts max imum value 
of -260 ppm/K around 110 K and then rapid ly approaches zero at 60 K and 
slowly decrease as i t was cool down to 5 K. The overall decrease (increase) i n 
un i t cell volume is 0.76% (0.71%) on heat ing (cooling) f r o m 5 to 120 K (110 to 
5 K ) . The N T E behaviour and phase separation disappear above 110 K and 
the u n i t cell volume increases on heat ing to 300 K at a rate of ~40 ppm/K. 
i i ) (Sni2/3Cai/3)2.75C60 
The d i f f r ac t ion profi le of (Sm2/3Cai/3)2.75C60 (x = 1/3) at room 
temperature was f i r s t measured outside the cryostat, then the sample was 
cooled down to 5 K inside the cryostat at a rate of 5 K / m i n (rapid cooling). 
The X-ray d i f f r ac t ion profi le was collected when the temperature stabilised 
at 5 K {X = 0.8503 A ) . The sample was then slowly heated using a stepwise 
heat ing protocol w i t h an average rate of 0.3 K / m i n whi le the d i f f rac t ion 
profiles were collected at the each step u n t i l the temperature reached 110 K. 
Then the rate was increased to 1.10 K / m i n up to room temperature. 
Invest igat ion of the hysteretic response of the temperature evolution of the 
un i t cell parameters was carried out by applying a slow cooling down protocol 
(average rate of 1.05 K / m i n down to 130 K , 0.57 K / m i n down to 60 K, and 0.87 
K / m i n down to 5 K) (X = 0.41274 A). These measurements were performed at 
a d i f ferent experimental period. The obtained data were rebinned to a step of 
0.003° for f u r t h e r analysis. 
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Fig. 5.15 shows the temperature evolution of the (444) Bragg's reflect ion 
of the selected profiles for both w a r m i n g up (left) and cooling down (r ight) 
measurements. As the wavelength used i n the two measurements was 
di f ferent , the profiles are plotted as a func t ion of Q. I t is immediate ly 
apparent tha t N T E is present i n both measurements. More specifically, i n 
the case of wa rming up, the (444) Bragg reflect ion continuously shif ts to 
higher angle as temperature increases above 5 K, then the direction of sh i f t 
changes towards lower angle at 130 K up to room temperature. Similarly, i n 
the case of slow cooling measurements, the peak shifts towards higher angles 
down to 110 K, then back towards lower angles on fu r the r cooling down to 5 K . 
However, i t should be noted tha t when the sample is at room temperature, 
the peak sh i f t i n the h igh temperature region is s t i l l not large enough to 
recover the peak position observed at 5 K . N T E is observed i n both cases w i t h 
no observable change i n crystal symmetry below cr i t ical temperature, Tv, of 
approximately 130 K . Furthermore, un l ike the case of (Sm5/6Cai/6)2.75C60, no 
clear phase separation below the cr i t ica l temperature was observed i n both 
measurements, whi le peak broadening was s t i l l observed i n the same 
temperature range. The broadening of the peak becomes max imum (larger 
by -30% and - 8 % for wa rming up and cooling down measurements, 
respectively) at 90 K i n both measurements. This may imply tha t the 





5 K - > 300 K 




JQ i _ 
(0 
c 0) 





250 K 300 K 110 K 
A. = 0.41274 A 
Q (° / A) Q (° / A) 
F ig . 5.15. Selected region of the synchrotron X-ray powder d i f f r ac t i on profi les of (Sm2/3Cai/3)2.75C6o, showing the temperature 
evolut ion of the (444) Bragg ref lect ion (a) on heat ing f r o m 5 to 300 K and (b) on cooling f r o m 300 to 5 K . 
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Rietveld refinements were f i r s t carried out for the d i f f rac t ion profiles at 
5 K obtained on both rapid ly and slowly cooled measurements using 2-phase 
and single-phase model, respectively. The extracted latt ice constants f r o m 
each d i f f rac t ion profi le are given i n Table 5.5 together w i t h the un i t cell 
volume and agreement factors. 
Table 5.5. The extracted values for the latt ice constants and the un i t cell 
volume for (Sm2/3Cai/3)2.75C60 at 5 K, obtained for rapid ly and slowly cooled 
protocols, and at room temperature. 
Temperature : 
(rapid cooling)* 
5 K 300 K 
(slow cooling) 
5 K 
Ins t rumenta l parameters: 
0.8503 0.8503 0.41274 
A29 (xlOO, °) 0.26 (1) 0.45 (1) 0.44 (1) 
29 range (°) 3.5-27 2.5-30 1.7-19 
Step size (°) 0.003 0.003 0.003 
Latt ice parameters: 
a (A) 28.1577 (4) 28.0954 (3) 28.0459 (5) 
b ( A ) 28.1774 (4) 28.1038 (3) 28.0656 (5) 
c(A) 28.1380 (4) 28.0869 (3) 28.0263 (5) 
V(A3) 22325.0 (9) 22177.1 (7) 22060.2 (1.3) 
Wt . Fract ion (%): 0.911 (1) - ( - ) - ( - ) 
Peak profi le coefficient: Type 3 
G U 366.0(2) 308.6(3), 220.3(3) 
GV, GW -15.2(2), 0.34 (1) -27.3 (4),1.06 (1) -4.73(2),0.14 (1) 
Lx , Ly 1.06 (2), 11.1 (2) 1.18(1), 13.5 (1) 0.43 (1), 17.8 (2) 
S/L, H / L 0.005, 0.0005 0.005, 0.0005 0.005, 0.0005 
L l l 0 . 3 7 x l 0 3 -0.16x101 0.44xl0- 2 
L22 0.36xl0- 2 0.51x10-3 0.13x102 
L33 -0.59x10-2 -0.14x10-2 -0.23x10-2 
L12 -0.41x10-2 -0.17x10-2 0.27x10-3 
L13 - 0 . 4 5 x l 0 3 -0.16x10-3 -0.27x10-3 
L23 0.15x10-3 0 . 2 4 x l 0 4 0.27x10-3 
Sm(3)-C 6 0 (A) 2.664 (4) 2.675 (2) 2.65 (1) 
Agreement factors: 
Rwp(%),Rex P (%) ,x 2 5.14, 2.10, 6.01 4.96, 4.50, 1.21 7.84, 6.66, 1.39 
*Values shown here are for the major phase only, as the weight f rac t ion of the 
minor phase was almost negligible (<5%). 
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The lat t ice dimensions and u n i t cell volume at 5 K of the rapidly cooled 
sample is larger than those at 300 K, whi le for the slowly cooled sample they 
were smaller than those at 300 K. Ext rac t ion of the lattice constants and the 
u n i t cell volume at a l l other temperatures were carried out using the same 
method, where the asymmetric peak profiles i n the low temperature region 
due to the local s t ruc tura l inhomogeneities were accounted for by introducing 
a second-phase (Fig. 5.16, Table 5.6). The temperature evolution of the u n i t 
cell volume is shown i n Fig. 5.17. 
Table 5.6. The extracted results of the latt ice dimensions and profi le 
parameters f r o m the d i f f rac t ion profi le of (Sm2/3Cai/3)2.75C6o at 50 K for both 
the major and minor phases. 
T- 50 K Pcab (option 2) 
Ins t rumenta l parameters: Agreement factors: 
A. (A) 0.8503 R w P : 5.04% 
A20 ( x l 0 0 , °) 0.38(1) Rexp : 2.28% 
29 range (°) 3.3-27 X2 : 4.893 
Step size (°) 0.003 
Latt ice parameters: Major phase Minor phase 
a (A) 28.1470 (4) 28.0601 (3) 
b ( A ) 28.1667 (4) 28.1038 (3) 
c(A) 28.1273 (4) 28.0869 (3) 
V(A3) 22299.6 (9) 22093.8 (2.2) 
Wt. Fract ion (%): 0.777 (1) 0.223 (3) 
Peak profi le coefficient: Type 3 Type 3 
GU, GV, 229.8 (7), -10.0 (8), 385.9 (5), -35.2 (2), 
GW 0.947 (5) 2.80 (2) 
Lx , Ly 0.60 (1), 11.53 (2) 0.26 (2), 9.983 (2) 
S/L, H / L 0.005, 0.0005 0.005, 0.0005 
L l l 0.52xl0 2 0.29xl0-2 
L22, L33 0.23xl0-2, -0.25xl0-2 0.16X10 2 , -0.30x10" 
L12, L13, -0.26x10-2, -0.21xl0-3 -0.88x10-3, -0.92x10-
L23 0.19xl0-3 0.41x103 
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Fig. 5.17. Temperature evolut ion of u n i t cell volume of (Sm.2/3Cai/3)2.75C6o collected between (a) 5 and 300 K (warming up), and 
(b) 300 and 5 K (cooling down) [inset- calculated weight fract ions between two phases at low temperature region]. 
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The t h e r m a l expansivity, av (= d i n VIdT), of phase 1 f r o m bo th measurements 
are shown i n the f igure below (Fig. 5.18). 
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F i g . 5.18. Temperature dependence of the coefficient of t h e r m a l expansivity, 
av, of (a) w a r m i n g up measurements and (b) slowly cooled measurements. 
The lat t ice dimensions of the w a r m i n g up phase f i r s t contracts slowly (at an 
average rate of -23 ppm/K) i n a continuous fash ion as the sample s lowly 
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warms up (average rate of 0.3 K/min) u n t i l 70 K , where the contraction rate 
rapid ly increases u n t i l i t goes th rough a m a x i m u m of -410 ppm/K at 90 K and 
then approaches zero at -130 K . This behaviour leads to an overall decrease 
i n lat t ice size of 1.25% on heat ing f r o m 5 to 130 K, where the the rmal 
expansivity is negative throughout th is temperature range. The sign of the 
the rmal expansivi ty changes to positive at 130 K and the latt ice constants 
increase on f u r t h e r heat ing up to 300 K at an average rate of 30 ppm/K. The 
peak broadening tha t was observed below 130 K also disappears and fol lowed 
by ~30% sharpening compared to the m a x i m u m peak w i d t h observed at 90 K . 
On the other hand, the latt ice dimensions of the slowly cooled phase (at a rate 
of 1 K/min) shows tha t i t f i r s t contracts at an average rate of 45 ppm/K on 
cooling f r o m 300 to 100 K, where the rate approaches zero and starts to 
expand on f u r t h e r cooling (-100 ppm/K) down to 60 K showing an overall 
increase i n lat t ice size of 0.23%. On fu r the r cooling, av becomes positive 
again (25 ppm/K) and the lattice size decreases by 0.07% between 60 and 5 K . 
iii) (Smi/3Ca2/3)2.75C60 
This sample was or iginal ly prepared w i t h a target composition, 
(Smi/2Cai/2)2.75C60 by direct reaction of stoichiometric quantit ies of degassed 
Ceo, Ca and Sm powder. However, the actual composition of the sample was 
found by RBS measurements to be (Smi/3Ca2/3)2.75C60. The agreement factors 
for the Rietveld ref inement of the high-resolution synchrotron X-ray powder 
d i f f rac t ion at 300 K was also improved by using the RBS-derived 
stoichiometry. 
The sample was cooled down to 5 K at a rate of 5 K / m i n (rapid cooling). 
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The X-ray d i f f r a c t i o n p rof i l e was collected when the temperature stabilised 
at 5 K (A. = 0.41274 A ) . The sample was t hen slowly heated using a stepwise 
heat ing protocol w i t h an average rate of 0.3 K / m i n whi le the d i f f r a c t i o n 
prof i les were collected at each step u n t i l the tempera ture reached 110 K, then 
the rate was increased to 0.83 K / m i n up to room temperature . The obtained 
data were rebinned to a step of 0 .003° for f u r t h e r analysis. 
F i g . 5.19 shows the temperature evolu t ion of the (444) Bragg ref lect ion 
at selected temperatures . 
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F ig . 5.19. Selected region of the synchrotron X-ray powder d i f f r a c t i o n profi les 
of (Smi/3Ca2/3)2.75C6o, showing the temperature evolut ion of the (444) Bragg 
ref lec t ion on hea t ing f r o m 5 to 300 K . 
The angular posi t ion s l ight ly s h i f t towards lower angles between 5 and 
20 K , t hen sh i f t s cont inuously towards h igher angle as the temperature 
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increases above 20 K, imp ly ing tha t the u n i t cell metrics decrease i n a 
continuous fashion. A t 100 K, the peak sh i f t changes its direction towards 
lower angle and the latt ice dimensions increase on fu r the r heating to room 
temperature. There was no observable change i n the d i f f rac t ion profiles at a l l 
temperature, wh ich indicates tha t th is behaviour is not accompanied by any 
change i n crystal symmetry. However, the widths of the d i f f rac t ion peaks i n 
the low temperature range where N T E is observed are broader by ~40% 
compared to the average value at h igh temperature. 
Extrac t ion of the latt ice constants (Fig. 5.20a) was performed by 
Rietveld ref inement using a 2-phase orthorhombic model i n the low 
temperature region to account for the broadening (Fig. 5.20 inset). A single 
phase model was used above the cr i t ica l temperature. The results indicate 
the presence of local s t ruc tura l inhomogeneities causing phase separation 
associated w i t h the rapid t ransformat ion of the mater ia l , possibly into 
S n r r i c h and Ca-rich phases. The the rma l expansivity of phase 1 (major 
phase) is plotted i n Fig. 5.20b. I t is positive between 5 and 20 K, i t then 
becomes negative at 40 K, and increases i n absolute value continuously on 
heating u n t i l i t goes through a m a x i m u m of -200 ppm/K at 70 K, then rapid ly 
approaches zero at 100 K. This results i n an overall decrease i n latt ice 
dimensions of 0.34% on heating f r o m 5 to 100 K . The thermal expansivity of 
phase 2 (minor phase), on the other hand, is positive throughout th is 
temperature range, w i t h an average rate of 3.7 ppm/K. On fu r the r heat ing 
above 100 K, phase separation is no longer observable and the latt ice 
dimensions star t to expand at a rate of ~40 ppm/K up to 300 K, producing a 
larger cell volume compared to that at 5 K. 
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Fig. 5.20. Temperature evolut ion of (a) u n i t cell volume of (Sm 1/3082/3)2.75C60 on heat ing of phase 1 (red tr iangle) and phase 2 
(grey t r iangle) [inset' calculated weight f ract ions between two phases at low temperature region] and (b) the coefficient of 
t h e r m a l expansion of phase L 
249 
i v ) Ca2.75C60 
The temperature evolution of the s t ruc tura l properties of the 
alkal ine-earth fu l le r ide , Ca2.7sC60, was also studied between 5 and 300 K. 
The sample was cooled down to 5 K at a rate of 5 K / m i n and the d i f f r ac t ion 
profi le was collected using a wavelength, X = 0.41274 A. The sample was 
then slowly heated by a stepwise heat ing protocol w i t h an average rate of 0.4 
K / m i n , whi le the d i f f rac t ion profiles were collected every 50 K up to 300 K . 
The angular positions of the d i f f rac t ion peaks sh i f t continuously to 
lower angles as the temperature increases above 5 K, i m p l y i n g the lattice 
dimensions expand w i t h no anomalous expansion behaviour. Rietveld 
refinements at a l l temperatures were carried out i n Pcab i n order to be 
consistent w i t h other samples. The temperature evolution of the u n i t cell 
volume is plotted i n Fig . 5.21, whi le the the rma l expansivity exhibits a 
positive value throughout . The lat t ice dimensions f i r s t slowly increase as 
temperature increases f r o m 5 to 100 K (5 ppm/K), then the rate of expansion 
increases to an average rate of 25 ppm/K up to 300 K, resul t ing i n a volume 
expansion of -0.55%, which is comparable to tha t observed i n other metal 
fu l le r ide samples [17]. 
The occurrence of the latt ice anomalies due to the changes i n external 
s t i m u l i (temperature, pressure) reflects the complex electronic response of 
the 4 / orbitals. Hence, the absence of the lattice anomalies i n Ca2.7oC6o 
confirms the importance of the electronically active 4 / sublattice i n d r iv ing 
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Fig . 5.21. Temperature evolut ion of u n i t cell volume of Ca2.75C6o between 5 and 300 K, showing no anomalous latt ice expansion 
on heat ing. 
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5.2.5 Direct spectroscopic investigation of the rare-earth valence 
Investigation of the valence state of the rare-earth fullerides by direct 
spectroscopic techniques is expected to offer important information for the 
description of the electronic structure of these materials. In rare-earth based 
materials, the valence is directly related to the number of 4/ holes m by v=2 
+ nj,, which depends on the 4f/5d hybridisation strength, also known as the 
characteristic Kondo temperature, 7k. The intermediate valence in 
rare-earth solids reflects the hybridisation of the energetically close R E 2 + 
(4/ n5d°) and R E 3 + (4/ n l5d 1) configurations, which can be varied by chemical 
doping, temperature, and pressure. 
Direct or indirect experimental information on the 4/ population of the 
rare-earth ions in the fulleride salts can be probed using various 
spectroscopic techniques. Among them, the temperature and pressure 
evolution of the valence state for various rare-earth based materials was 
successfully obtained by X-ray absorption spectroscopy (XAS) at the 
rare-earth metal Zq absorption edges with the use of third-generation 
synchrotron X-ray sources and improved detection systems [18, 19]. In the 
present work, the high-resolution XAS technique was employed for direct 
study of intermediate valence and its evolution with change in temperature 
in (Sm2/3Cai/3)2.75C60- The same batch of sample was also examined using the 
resonant inelastic X-ray scattering (RIXS) technique to obtain information on 
the 4/ occupation number. Both experiments were performed on beamline 
ID 16 at ESRF, Grenoble, France and the obtained results were compared for 
consistency between two different measurements. 
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i) XAS at the Sm La edge 
The XAS measurements at the Sm L3 absorption edge in the total 
fluorescence yield (TFY) mode involves the excitation of a Sm 2jt?3/2 core 
electron, which is excited into unoccupied Sm bd states. Those electrons are 
excited from intermediate valence ground state of the Sm, a hybrid state 
\x¥g) = a\Sm2+) +/3\Sm3+), to the final 2 ^ 4 / 6 and 2^4 /5 states, which are 
partially split in energy by the strong Coulomb interaction with the 2p core 
hole. The integrated scattered intensity is recorded as the incident energy, 
Avin, varies through the Ls absorption edge, which in turn can yield direct 
information on the local electronic properties at the Sm site. Fig. 5.22 shows a 
schematic total energy scheme for the Sm Z3 XAS process and the spectra of 
(Sm2/3Cai/3)2.75C6o at 300 K. 
T = 300 K 
3+ 
2p54f5 
2 p 5 4 f 6 
TFY 
H I • • • • I • 
6.71 6.73 3+ 2-f¥,_>= a |Sm2+> + B |Sm3+> 
Incident energy (keV) 
Fig. 5.22. (Left) Energy level scheme for the Sm mixed valence state in 
(Sm2/3Cai/3)2.75C6o- The arrows indicate the relavant XAS transitions. (Right) 
T F Y Sm Is XAS spectgra of (Sm^Cai/skTsCeo at 300 K. 
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The spectra were obtained by integrating the scattered intensity as a 
function of incident energy. Two main structures are observed at around 6713 
and 6722 eV, separated by the Coulomb interaction energy (Q p / ~ 9 eV) 
corresponding to the difference i n energy of the two f inal states of 2jd 5 4/ 5 and 
2/?54/6 character. The observed values are comparable those obtained for 
various Sm-based Kondo insulators [20]. The relative intensity of these 
structures provides a direct measure of the average rare-earth valence i n the 
material. However, due to the short hfetime of the Sm 2p hole, the XAS 
spectra are subject to intrinsic energy broadening. A n overall narrowing of 
the spectral structures can be achieved by detecting the signal f rom a 
radiative decay channel w i th a f ina l state 3d core hole, that is the 2p hole is 
fi l led by a 3rf core electron, and the intensity of the peak emission is 
monitored while scanning the incident energy [21]. This is known as 
high-re solution partial fluorescence yield X-ray absorption spectroscopy 
(PFY-XAS) mode. I n this case, the intensity of the La\ de-excitation (2jD 53d 1 0 + 
hvm —» 2/?63d9 + Avout, Avout = 5636 eV, Fig. 5.23) fluorescence is measured as 
the incident energy varies through the Sm Ls edge. I n the PFY spectra, the 
spectral broadening is determined by the longer lifetime of the shallower 3d 
hole, rather than by that of the deep 2p hole [22], thus providing narrower 
spectral features and significantly improved resolution. 
Fig. 5.23. Energy level scheme for Sm ion appropriate for PFY-XAS mode. 
3d 94f 5 
3d 94f f c 
2 p 5 4 f 5 
2p54f6 
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The temperature evolution of the PFY spectra of the (Sm2/3Cai/3)2.75C6o 
powder, sealed inside a th in glass capillary, was measured between 4 and 300 
K. Consistent w i th the TFY mode measurements, two main structures from 
the Sm 2 + and Sm 3 + contributions were observed at 6713 eV and 6722 eV, 
respectively, at all temperature (Fig. 5.24). I n the high-resolution PFY 
spectrum, the spectral contributions of the two features are better resolved 
and allow preliminary estimation of the Sm valence at each temperature. 
The estimated valence value from the relative intensity of the Sm 2 + and Sm 3 + 
features at 300 K indicates that the average valence state of the Sm ion is 
closer to +2 than to +3. 
50 K 
I 275 K 
4 K 
= 0.5 
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Fig. 5.24. Temperature dependence of the PFY Sm Is XAS spectra of 
(Sm2/3Cai/3)2.75C6o recorded between 4 and 300 K, where the spectral 
intensities are normalised to that of the Sm 2 + feature (6713 eV). The inset 
shows a blow-up of the Sm 3 + (6722 eV) spectral component at 4, 50 and 275 K. 
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As i t can be seen from the inset i n Fig. 5.24., the temperature evolution of the 
relative intensities, 7(Sm 2 +)/XSm 3 +), decreases i n a continuous fashion below 
300 K, which implies that the average Sm valence increases monotonically on 
cooling towards Tv. On further cooling, an abrupt phase transition occurs and 
the Sm state collapses to valence values even smaller than those at ambient 
temperature. The spectra of the same sample were collected several time 
using different cooling protocols. The evolution on the Sm 3 + intensity as a 
function of temperature is plotted in Fig. 5.25, where the data were collected 
using slow cooling (-0.35 K/min) and slow warming protocols (~0.8 K/min). 
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Fig. 5.25. Temperature evolutions of the Sm 3 + intensity obtained by using 
slow cooling (~0.35 K/min, open symbols) and slow warming (~0.8 K/min, 
blue symbols) protocols. 
I n both cases, the i (Sm 2 + ) /XSm 3 + ) ratio provides quantitative evidence for the 
occurrence of a first-order valence transition between Sm 2 + and Sm 3 + w i th an 
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apparent hysteretic behaviour between the two different sets of experimental 
measurements. The intensities of the Sm 3 + features obtained on slow 
warming measurements shows that they increase gradually as temperature 
increases from 5 K towards 100 K (Sm 2 + —> Sm 3 +), which then decrease on 
further heating towards 300 K (Sm 3 + —» Sm 2 +). This behaviour is consistent 
with what has been observed in the diffraction measurements and the 
occurrence of NTE. Upon slow cooling from 300 K, the XSm 3 + ) continuously 
increases until the temperature approaches 90 K, then the value stays the 
same until a sharp valence transition occurs at Tv ~ 20 K to a state with 
increased Sm 2 + character, which corresponds to the abrupt increase in the 
spectral weight of the Sm 2 + feature. 
ii) RIXS at the Sm La edge 
The resonant inelastic X-ray scattering (RIXS) experimental technique 
involves an incident X-ray photon, of which energies are tuned to excite a core 
electron, and an emitted X-ray photon of the same energy from de-excitation 
of the core-excited state. The energy of the incident photon can be tuned by 
measuring emission spectra at various hvm across, in the case of 
(Sm2/3Cai/3)2.75C60, the Sm La absorption edge and plotting them as a function 
of the transferred energy, hv\ - hvm - hvoui, that is, the excitation energy 
transferred from the photon to the solid (Fig. 5.26). The temperature (and/or 
pressure) dependence RIXS measurements are carried out by recording the 
Lai X-ray emission at fixed incident energies along the absorption edge. The 
temperature evolution of the Sm valence states can also be probed using 
RIXS technique, where final Sm electronic states of mainly 3d 94/ 5 and 3d 94/ 6 
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Fig. 5.26. (a) L^i RIXS spectra of (Sm2/3Ca 1/3)2.75060 excited at 1 eV intervals along the Sm 2 + feature. The Sm 2 + and Sm 3 + 
features are strongly and clearly peaked at hvm = 6712 eV and 6720 eV, respectively. Fit of RIXS spectrum at (b) 6712 eV and (c) 
6720 eV. 
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character are reached radiatively from the XAS final states. By tuning the 
excitation energy through the maximum of the corresponding Sm 2 + and Sm 3 + 
features in P F Y spectrum, the contributions from each feature are selectively 
and resonantly enhanced [23]. The obtained results are in excellent 
agreement with those from the P F Y X A S measurements, where the Sm 2 + 
feature is strongly peaked at hvm = 6712 eV and Sm 3 + signal at hvm = 6720 eV. 
The RIXS spectra were measured while cooling the sample from 300 to 4 K 
using the same slow cooling protocol (-0.35 K/min) and the valence state of 
Sm at each temperature can be evaluated by: 
v = 2+ , JMm3+) , , (Eqn.5.6) 
where XSm 2 + ) and XSm 3 + ) are the intensities at their respective resonance 
corresponding to the weight of the divalent and trivalent Sm, by assuming 
that XSm 2 + ) and i(Sm 3 +) are proportional to the number of atoms in each 
electronic configuration [24]. At room temperature, the average valence state 
of Sm is -+2.20. The i(Sm 2 +)/i(Sm 3 +) ratio of the two features in the RIXS 
spectra continuously decreases in intensity on cooling implying a decrease in 
the Sm 4/ occupation number and an increase in the average valence which 
approaches a maximum value of ~+2.28 at 20 K. On further cooling below 20 
K, a sudden valence change occurs and the Sm 4/ occupation number 
abruptly decreases leading to an average valence of ~+2.19 at 4 K (Fig. 5.27). 
The obtained results are again in excellent agreement with those from the 
PFY-XAS measurements, confirming the electronic nature of the low 
temperature first-order valence transition. 
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Fig. 5.27. Temperature evolution of the average valence of the Sm ions in 
(Sm2/3Cai/3)2.75C6o extracted from the Lai RIXS measurements across the Sm 
Li edge. 
5.2.6 Discussion and Conclusion 
Well-established synthetic techniques enabled systematic studies of the 
complex evolution of the structural and electronic properties of mixed valence 
Sm intercalated fullerides with stoichiometry Sm2.7sC60 and their 
isostructural Ca substituted, (Smi-xCax)2.75C6o (0 < x < l ) analogues by using 
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synchrotron X-ray diffraction and absorption techniques. The temperature 
dependent structural properties of the Sm2.7sC60 fulleride by high-resolution 
X-ray diffraction studies reveal the onset of NTE, a large lattice expansion on 
cooling, below critical temperature of Tv = 32 K [2]. This anomalous lattice 
response of the lattice size at low temperature have been rationalised in 
terms of the change in the average Sm oxidation state induced by a 
first-order valence transition between Sm 2 + and Sm 3 + states. It has been also 
proposed that the driving force of the valence change is of electronic origin, 
where electrons are thermally transferred between the Sm 4/ band and the 
tiu band of C60 by applying external temperature change. As expected, 
analogous electronic instabilities accompanied by anomalous lattice response 
were encountered for other isostructural R E 2 . 7 5 C 6 0 fullerides, where Sm ions 
are substituted by Eu and Yb ions. Consistent with this picture, anomalous 
expansion was not observed for Ca2.7sC6o fulleride which lacks an 
electronically active 4/ sublattice, instead, its lattice contracts between 300 
and 5 K by 0.55%. 
The NTE behaviour was sensitively affected by changing the nature of 
the rare-earth cation from Sm to other substituent metal. For instance, the 
onset temperature of the NTE, the critical temperature Tv, increases 
significantly from 32 K in Sm2.7sC6o to a maximum of 130 K for Ca 
substituted fullerides. Similarly, considerable effect can be seen in the 
magnitude of the volume inflation, which sensitively depends on the 
concentration of Ca ions substituted (Table 5.7). 
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Table 5.7. The extracted values for the unit cell volume at 5 K, the critical 
temperature, and the change in the volume during NTE. w denotes the data 
obtained on warming up measurements and c labels the data obtained on 
cooling down measurements. 
Sample Volume_5 K (A3) TAK) A W ( % ) 
Sm2.75C60 22474.9(5) 32 0.84 
(Sm5AsCai/6)2.75C60_W 22302.3(6) 120 0.76 
(Sm5/6Cai/6)2.75C60_C 22290.2(7) 110 0.71 
(Sm2/3Cai/3)2.75C60_W 22325.0(9) 130 1.25 
(Sm2/3Cai/3)2.75C60_C 22060.2(1.3) 100 0.23 
(Smi/2Cai/2)2.75C60 21884.1(1.0) 100 0.34 
Ca2.7oC60 21662.8(3) - -
Table 5.7 clearly shows that by substituting Sm by Ca results in 
substantial increase of the onset temperature of NTE. This substitution 
effect most likely results from the suppression of the thermal excitation of the 
4f electrons of Sm upon introduction of Ca ions, which lack an electronically 
active 4f sublattice. 
The volume inflation is closely related to the valence change as a 
function of temperature. If we recall that the tetrahedral hole in R E 2 . 7 5 C 6 0 
has a radius of 1.12 A, straddling the values of the ionic radii of Sm 2 + (1.41 A) 
and Sm 3 + (1.10 A) and therefore, changes in the average valence state have a 
profound effect on lattice size. In Sm-based materials, the Sm valence is 
directly related to the number of 4/ holes, thus precise measurement of the 
changes in 4/ occupation can provide evidence to confirm the electronic 
nature of the low temperature first-order valence transition. The 
temperature dependence of the intermediate Sm valence was directly 
investigated by PFY-XAS measurements along the Sm Li absorption edge of 
(Sm2/3Cai/3)2.75C6o, of which showed the maximum volume inflation in the Ca 
substituted family. The obtained XAS spectra at room temperature showed 
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two features, representing radiatively reached final state configurations of 
Sm 2 + (3d 94/ 6) and Sm 3 + (3d 94/ 5). This two-feature spectrum implies that the 
sample is in the intermediated state with average valence state of the Sm ion 
estimated to be closer to +2 than to +3, which is consistent with what was 
derived by magnetic susceptibility measurements (+2.2~+2.3). Unlike the 
magnetic susceptibility measurements, the temperature evolution of the 
PFY-XAS spectra provides a good estimate of the average Sm valence at all 
temperatures from the relative intensity of the clearly resolved features. 
The temperature evolution of the i(Sm2 +)/-/(Sm3 +) ratio obtained from 
the PFY spectra reveals a continuous decrease below 300 K, implying that 
the average Sm valence increases monotonically on cooling towards Tv. 
However, what was remarkable from these measurements is that the relative 
intensity suddenly increases below Tv ~ 20 K implying a first-order valence 
transition to a state with increased Sm 2 + character (Sm 3 + —> Sm 2 +). The 
obtained results provide excellent evidence to confirm the electronic nature of 
the low temperature first-order valence transition and they are entirely 
consistent with the structural data and the observation of NTE at low 
temperatures. 
The temperature evolution of the Sm valence state of (Sm2/3Cai/3)2.75C60 
was also probed by using the RIXS technique. RIXS has developed as an 
effective technique for probing the mixed valence ground state of rare-earths 
under pressure [25], and now it has been applied to probe the temperature 
dependence directly. In contrast to XAS, RIXS is sensitive to even small 
components of a given electronic configuration, thus it can provide precise 
information of the Sm 2 + and Sm 3 + contributions. The average valence state of 
Sm at ambient temperature is +2.20. As the sample was slowly cooled down, 
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the i(Sm2 +)/7(Sm3 +) ratio continuously decreases implying a decrease in the 
Sm 4/ occupation number and an increase in the average valence which 
approaches a maximum value of ~+2.28 on cooling down to 20 K. On further 
cooling, a sudden valence change occurs and the Sm 4/ electron occupation 
number abruptly increases leading to an average valence of -+2.19 at 4 K. 
This result is entirely consistent with those from PFY-XAS measurements 
and with those from X-ray diffraction measurements. 
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The fullerenes were discovered in 1985 by Kroto et al. and still attract 
much research into their fascinating behaviour. Initially, much of the 
research focused on characterising pristine Ceo, where i t was found that the 
high electron affinity of Ceo and the weak intermolecular van der Waals 
forces in its crystalline form make solid Ceo an excellent host for electron 
donors. Soon after the discovery, intensive effort was put on studying 
intercalated solid Ceo salts, also known as fullerides, where the electron 
donors can be alkali, alkaline-earth or rare-earth metals. These fullerides 
have displayed a variety of interesting properties, such as superconductivity, 
ferromagnetism, giant magneto-resistance, negative thermal expansion, and 
first-order lattice collapse. The most well known fullerene derivatives have 
been those of the alkali metals with stoichiometry A3C60, which are metallic 
and become superconducting with maximum transition temperature, TC, of 
38 K with the application of pressure (for CS3C60). In A3C60 superconductors, 
TC is modulated by the density-of-states at the Fermi level, N(EY), for which, 
as the N(EY) increases, % also increases. 
The structural and electronic properties of those fullerides salts are 
sensitively affected by the nature and size of the dopants, and the doping 
level. For instance, the structures of A3C60 (A2A'C60, A, A = alkali metal) can 
be classified into four different types depending on the size of the ionic radii 
occupying the available tetrahedral and octahedral interstitial sites. They 
are : a) orientationally ordered primitive cubic (space group Pa3 ) structures, 
adopted by Na2RbC6o and Na2CsC6o, where the smaller Td holes (~1.12 A) are 
occupied by Na + (0.95 A) and the larger Oh holes (-2.06 A) are occupied by the 
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larger alkali ions (Rb + , Cs+); b) merohedrally disordered fee (space group 
Fm3m) structures, adopted when ions wi th larger ionic radius than that of 
the Td holes (K + , Rb + ) are intercalated, such as K3C60, RbaCeo! c) when Td 
holes are occupied by L i + ions, Li2CsC6o and Li2RbC6o adopt fee (space group 
Fm3m) structures with quasi-spherical ions; d) a body-centred-cubic-
derived {bed, so-called A-15 type structure is adopted for CS3C60 (space group 
Pm3n). For (a) and (b), superconductivity is observed below TC at ambient 
pressure reaching the highest value of TC - 33 K for RbCs2C6o, while for (d), 
CS3C60 is an insulator at ambient pressure but becomes a bulk 
superconductor with TC(P} passing through a maximum at 38 K, no 
superconductivity was observed in (c). In any cases, fu l l charge transfer from 
the metals to C60 occurs and the t i u conduction band of C60 (LUMO) becomes 
half filled. 
Highly-doped states of C£ (n > 6) can be achieved when alkaline-earth 
metals are used as intercalants and the conduction band is derived from the 
next unoccupied triply degenerate t i g , (LUMO+l) , state of Ceo- This also leads 
to metallic and superconducting compositions for various levels of band 
fi l l ing. Bulk superconducting phases in the Ba-C6o and Sr-C6o systems have 
been established to have stoichiometry Ba4C60 and S r ^ o with T c of 6.7 and 
4.4 K, respectively, adopting highly anisotropic orthorhombic structures 
(space group Immm). These systems are the first examples of non-cubic 
fulleride superconductors. High-resolution X-ray diffraction has revealed the 
existence of strong hybridisation between alkaline-earth metal and carbon 
orbitals, which contrasts with the alkali fullerides where f u l l charge transfer 
from the metal to C60 occurs. 
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The rare-earth fulleride chemistry had not been as widely established 
as that of the alkali and alkaline-earth metals due to the difficulties i n 
devising reliable protocols for preparation of single-phase materials. One of 
the objectives of my project was to establish reproducible synthetic 
procedures to obtain single-phase materials to carry out systematic 
investigations of the structural and electronic properties of various 
rare-earth fullerides. Prior to my project, our research group had successfully 
synthesised rare-earth fullerides wi th stioichiometry RE2.75C6O (RE = Sm, Yb) 
and obtained fascinating results. The former showed both temperature- and 
pressure-induced valence transitions accompanied by anomalous structural 
behaviour, namely negative thermal expansion (NTE) and lattice collapse, 
respectively. These responses were unexpected in fullerene systems and 
revealed intermediate valence phenomena with remarkable sensitivity of the 
rare-earth valency to external stimuli. 
The observation of mixed valence phenomena in rare-earth fullerides 
established an unexpected l ink to the class of strongly correlated Kondo 
insulators, whose behaviour can be rationalised in terms of the valence 
fluctuation model. For instance, NTE was observed for YbGa1.05Geo.95, where 
a large and abrupt volume increase on cooling from 15 K down to 5 K was 
caused by a sudden change in valence state of the Yb ion from Y b 3 + towards 
the larger Yb 2 + . The valence transition for this composition was controlled by 
the spilling over of Ga 4p electronic density into the Yb 4 / band. Similarly, 
SmS has been reported to display a discontinuous 4 / —» 5d electron 
derealization wi th increasing pressure accompanied by an abrupt decrease 
in volume 16%) at 6.5 kbar. This first-order pressure-induced 
valence transition without change in crystal structure was attributed to an 
270 
electronic transition of the Sm ion from Sm 2 + to Sm 3 + state having different 
ionic radii, and is also associated wi th a semiconductor-to-metal transition 
due the strong hybridisation between the localised 4 / and the conduction 5d 
electrons. 
The anomalous behaviour observed in the rare-earth fullerides was 
rationalised along the same line, that is in terms of the valence fluctuation 
model where the average valence state of RE ions changes with changing 
external stimuli (temperature or pressure). Estimates of the average Sm and 
Yb valence in Sm2.7sC60 and Yb2.7sC60 were derived from magnetic 
susceptibility measurements as +2.2-2.3. The driving force of the changes in 
valence is electronic in origin and, in the case of temperature dependence, 
thermal transfer of electrons occurs between the narrow 4 / band of RE ions 
and the Ceo t i u band, while i n the case of pressure dependence, as pressure 
increases, spilling over of 4 / electron density into the 5 d conduction band 
occurs as a result of band overlap. In both cases, the electronically active 4 / 
sublattice of RE ions plays an important role. On the other hand, anomalous 
behaviour was not observed for the isostructural and isoelectronic Ca2.7sC6o 
fulleride, which lacks an electronically active 4 / sublattice. 
6.2 Main Achievements of This Thesis 
In chapter 2, details of the synthetic procedures are presented for 
intercalating Ceo with different types of metals including alkaline-eartn and 
rare-earth metals. These techniques have afforded single-phase materials, 
allowing the systematic characterisation of their structural, electronic, and 
magnetic properties. 
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The following three chapters contain results of the experimental 
investigation on the effect of Yb, Eu, and Ca substitution for Sm in Sm2.75C6o-
The properties of the materials were followed as function of temperature and 
pressure. Our underlying aim in performing these studies has been to 
generalise the anomalous behaviour observed in the lattice parameters of 
Sm2.75C6o as a function of both temperature and pressure, and also to clarify 
the role of the dopant size and of its electronic configuration in inducing the 
valence transition in RE2.75C60. In the course of the structural work, i t was 
found that the Sm2.7sC6o structure was remarkably robust. A l l the fullerides 
prepared here adopt the same orthorhombic superstructure, which arises 
from the long-range ordering of Ta defects, namely one out of every eight Td 
sites is only partially occupied, resulting in doubling of the unit cell metrics of 
the /cc alkali fullerides. 
The investigation of the properties of Yb2.7sC6o was presented in chapter 
3. Studies of this compound were initiated in search of bulk 
superconductivity in the Yb"C6o phase field. However, contrary to reports i n 
the literature, the presence of bulk superconductivity was not observed in the 
many different batches measured (maximum superconducting fraction found 
was at the trace level of 0.8%), while slightly higher values were observed for 
samples with nominal composition Yb4C6o- The structural properties of 
Yb2.75C60 were studied both as a function of temperature and pressure by 
high-resolution synchrotron X-ray powder diffraction. The temperature-
dependent measurements were carried out on two different batches (samples 
C and Z), which exhibited essentially identical diffraction patterns with 
sample C having slightly more impurity phase. I n both cases, the diffraction 
data revealed that the extracted unit cell volume at 5 K was larger than that 
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at 300 K and that i t decreases continuously with increasing temperature 
between 5 and 60 K. The volume contracts steeply with the thermal 
expansivity reaching -1055 ppm/K and leading to an overall decrease in unit 
cell size of 1.4%. Above 60 K, the anomalous lattice response disappears and 
the lattice expands on heating to 295 K. On the other hand, on slow cooling 
we f ind that the Bragg peaks shift monotonically to higher angles down to 20 
K. On further cooling, a sudden jump to lower angles is observed at 12 K, 
implying the occurrence of an abrupt volume inflation with an overall 
increment of 0.99%. This is clear evidence of the existence of hysteretic 
behaviour i n valence transition associated wi th its first-order nature. 
The anomalous response of the Yb2.7oC6o lattice size at low temperature 
without accompanying change in crystal symmetry can be rationalised in the 
same manner as for Sm2.75C60 in terms of the valence fluctuation model, 
driven by the Y b 2 + <-> Y b 3 + conversion. The interpretation of the driving force 
of the valence transition is electron transfer from the Yb 4 / band to the 
electronically active tiu band of Ceo. 
Pressure-dependent powder X-ray diffraction measurements were 
carried out on sample C in the pressure range 0-6.50 GPa at ambient 
temperature. I n analogy with the case of Sm2.7sC6o, the lattice constants 
contract monotonically with increasing pressure unt i l a critical pressure is 
reached and an abrupt valence transition occurs. A sudden drop in unit cell 
dimensions (AV7V~ 2.1%) was observed at 4.30 GPa. On releasing pressure, 
the lattice constants slowly increase unt i l the reverse transition to the low-
pressure phase occurs. The reverse transition is characterised by a large 
hysteretic behaviour as the original phase does not ful ly recover even at 3.20 
GPa. The transition was also accompanied by a reversible insulator-to-metal 
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transition. The pressure-induced valence transition sets off when the Yb 5d 
and 4 / bands begin to overlap and the 4 / electrons begin to spill over into the 
5d band, resulting in an increase in the average Yb valence towards 3+, a 
decrease in the size of the rare-earth ion and a transition to a metallic state. 
In chapter 4, results obtained from structural studies on EU2.75C6O and 
the solid solutions, (Smi-xEux)2.75C6o (x — 1/3 and 2/3) are presented. These 
were studied again both as a function of temperature and pressure by 
high-resolution synchrotron X-ray powder diffraction. A l l (Smi-xEux)2.75C6o 
samples are isostructural and adopt the orthorhombic superstructure. In the 
temperature dependent measurements, NTE was observed for all samples, 
with the onset temperature of NTE increasing substantially by introduction 
of Eu ions (90 K for EU2.75C60). Unexpectedly, the diffraction data i n the Eu 
substituted compounds showed two distinct temperature regions where NTE 
is observed and separated by each other by a plateau at around 50 K. We 
recall here that the energy difference between divalent and trivalent states of 
Sm and Yb is very close to zero, while that for Eu is negative and larger, 
implying that the divalent state of Eu ion is more stable. Thus, the RE 2 + <-> 
R E 3 + conversion for Sm and Yb is more continuous and expected to complete 
at a lower temperature. The fact that the divalent state of the Eu ion is more 
stable can result in the average room-temperature valence state to be much 
closer to 2+ that that of the Sm phase; this is consistent with the larger unit 
cell volume of Eu substituted compounds found. 
Pressure-induced valence transitions were also observed in both 
EU2.75C60 and (Sm2/3Eui/3)2.75C60 with onsets at 4.40 and 4.53 GPa, 
respectively. Abrupt collapse of the unit cell volume was observed above this 
pressure resulting in volume change of A V7V-3.2 and -5 .1%, respectively. In 
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these systems, the introduction of Eu leads to an increase in critical pressure 
{cf. 3.95 GPa for Sm2.75C6o) and a decrease in the volume change 
accompanying the transition {cf. 6.0% in Sm2.75C6o)- Such differences are 
consistent with the Eu 4 / band located deep in the energy gap. 
Further studies on mixed valence phenomena in rare-earth fullerides 
are continued in chapter 5. Here, the structural and electronic properties of 
Ca-substituted compounds with stoichiometry (Smi-xCax)2.75C6o (x= 0, 1/6, 1/3, 
2/3, 3/4, l ) are studied as a function of temperature. For the mixed 
compounds, the stoichiometry was established by a combination of structural 
analysis and high-energy ion scattering spectroscopy. First of all, the 
temperature evolution of the unit cell volume of Ca2.7sC6o showed no 
anomalous lattice behaviour due to the absence of the electronically active 4 / 
sublattice. On the other hand, NTE was successfully observed for all other 
compounds. The NTE onset temperature of the Ca-substituted materials 
turned out to be the highest among all samples measured so far, reaching 130 
K. The current understanding of this effect is that the smaller Ca 2 + ions 
occupy Td sites resulting in the weakening of the hybridisation between the 
Sm 4 / and the Ceo t i u orbitals. 
The complex temperature evolution of the Sm valence states was 
directly probed by using the high resolution partial fluorescence yield X-ray 
absorption spectra (PFY-XAS) and resonant inelastic X-ray scattering (RIXS) 
measurements on the (Sm2/3Cai/3)2.7sC6o fulleride. Both PFY-XAS and RIXS 
have revealed the first-order valence transition at low temperature region. 
As the sample is cooled down from ambient temperature towards a critical 
temperature, TV, a continuous decrease in the 4f electron occupation number, 
thus, Sm 2 + —* Sm 3 + transition, which approaches a maximum value of ~+2.28 
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was observed. On further cooling below TV, a sudden valence change occurs 
and the Sm 4/ electron occupation number abruptly increases leading to an 
average valence of —1-2.19 at 4 K. This result, while entirely consistent with 
that from X-ray diffraction measurements at low temperatures, also reveals 
that the material is electronically active throughout the whole temperature 
range investigated. 
6.3 Future Directions 
The aim of this thesis was the systematic investigation of the structure 
and electronic properties of selected rare-earth metal fullerides. The work 
described here has provided results that are useful in rationalising the 
complex behaviour of these mixed valence materials. However, still more 
work is required, for instance, precise assignment of superconducting phase 
in Yb xC6o, if it exists. As seen in the case of CS3C60, identification of the phase 
responsible for superconductivity in this material has been a key target since 
the discovery of superconductivity, and recent development in the 
solvent-controlled synthesis has lead to isolation of bulk superconducting 
CS3C60. Thus, if the real superconducting phase in Yb xC6o was identified, it 
may also results in observing bulk superconductivity in these materials. 
Moreover, the magnetic behaviour of Eu6-xSrxC6o systems, which shows the 
transition to the ferromagnetic state, is still not fully understood. It appears 
to be affected by the strong interaction between Ceo'Ti and E u - / states, 
however, results obtained from neutron diffraction measurements makes the 
idea of a direct exchange interaction inappropriate to rationalise the 
magnetic behaviour of these systems. We also have been trying to synthesise 
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other rare-earth based materials and alkaline-earth and rare-earth mixed 
materials, such as Tm2.7sC6o, (Eui-xSrx)2.75C6o, and (Ybi-xBax)2.75C6o, which are 
also expected to show potentially interesting electronic and structural 
behaviour. However, the protocols for producing single-phase materials have 
not been successfully established as yet. 
An additional avenue opened by this work in the attempt to fully 
understand the interesting electronic behaviour is to employ the PFY-XAS 
and RIXS techniques as a function of both Tand Pto probe the valence of 
other rare-earth ions. We are expected to carry out these measurements on 
various rare-earth based fullerides under different conditions near future. 
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